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Abstract

In this thesis, a capacitor semi-active hybrid energy storage system for electric vehicle is
proposed. A DC-to-DC bi-directional converter is required to couple the supercapacitor to the

system DC bus.

Through literature reviews, it was decided that a dual-bridge resonant converter with HF
transformer isolation is best suited for the hybrid energy storage application. First, a dual-bridge
series resonant converter with capacitive output filter is proposed. Modified gating scheme is
applied to the converter instead of the 50% duty cycle gating scheme. Comparing to the 50%
duty cycle gating scheme where only four switches work in ZVS, The modified gating scheme
allows all eight switches working in ZVS at design point with high load level, and seven
switches working in ZVS under other conditions. Next, a dual-bridge LCL-type series resonant
converter with capacitive output filter is proposed. Similarly, the modified gating scheme is
applied to the converter. This converter shows further improvement in ZVS ability. Operating
principles, design examples, simulation results and experimental results of the two newly
proposed converters are also presented. In the last part of the thesis, a capacitor semi-active
hybrid energy storage system is built to test if the proposed converters are compatible to the

system. The dual-bridge LCL-type series resonant converter is placed in parallel to the



supercapacitor. The simulation and experimental results of the hybrid energy storage system

match closely to the theoretical waveforms.
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Chapter 1

Introduction

This thesis presents soft-switched bi-directional converters with modified gating scheme. This
type of converter is suited for energy storage systems such as a battery-supercapacitor hybrid that
is part of the power train on a hybrid electric vehicle, because it allows regenerative breaking and
reduces power loss during switching.

The sections of this chapter are listed as follows. A brief introduction of energy storage
system is presented in Section 1.1. Section 1.2 discusses the three topologies of battery-
supercapacitor hybrid. Section 1.3 explains the principle of soft switching in resonant converters.
In Section 1.4, literature survey on bi-directional DC-to-DC converter is presented. Section 1.5
states the motivation for research and lists research objectives. Finally, Section 1.6 presents the

outline of this thesis.

1.1 Energy Storage System on Electric Vehicles

Over the past 200 years, the burning of fossil fuels has been the primary factor in green house
gas (GHG) emissions. Canada’s total greenhouse gas emissions have increased from 591
megatons (Mt) in 1990 to 702 Mt in 2011 [1]. The primary driving factor of Canada’s emissions
growth is fossil fuel industries and transportation. In the most recent decade, there has been
growing concerns on environment protection and energy conservation. It is estimated that the
number of vehicles will increase from 700 million to 2.5 billion in the next 50 years [2].
Therefore, it is important to develop a clean energy source for vehicles. In recent years, efforts to
reduce GHG emissions have accelerated the development of hybrid electric vehicles (HEV)

around the world, and they are gradually making a positive impact on the environment.



The power trains of HEVSs utilize electric motors and electric energy storage units to drive the
vehicles [3]. The energy storage unit can be recharged by the engine or by the grid. Modern
batteries are either high power density or high energy density [4, 5]. However, it is essential for
HEV to have a high power high energy density source. One of the approaches is hybridization of
high energy batteries with supercapacitors. The development of supercapacitor has begun in
early 90s, and the current supercapacitor technology can achieve a power density of several kW
per kg [6]. The hybridization of batteries and supercapacitors helps to extend the battery life and
increase overall system efficiency. The impact of the integration of two energy sources is

described in the next section.

1.2 Battery-Supercapacitor Hybrid

There are three different types [3, 7] of battery-supercapacitor hybrid: passive, semi-active
and fully active. In the passive topology (Fig. 1.1), the supercapacitor and the battery are
connected in parallel to the load. The semi-active topologies (Fig. 1.2 and Fig. 1.3) employ a
single DC-to-DC converter which is either connected in parallel with the battery or in parallel
with the supercapacitor. Finally, the fully active topology (Fig. 1.4) enhances the system
performance even further by employing two DC-to-DC converters. The internal resistance of

battery is represented as rg and series equivalent resistance of the supercapacitor is represented

rsc .

Figure 1.1 Passive hybrid topology.
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is by far the most commonly used battery-

supercapacitor hybrid in commercial products, as well as the most studied by many researchers

[7]. As shown in Fig. 1.1, the battery and supercapacitor packs are connected in parallel with one

another and the load. Since passive hybrid does not require any power electronics or control



circuitries, its simplicity reduces the cost and volume and increases reliability. The main
disadvantage is that the load current distributed between the battery and the supercapacitor is
uncontrolled.

For semi-active battery-supercapacitor hybrids, there are two sub types: battery semi-active
hybrid [7] and capacitor semi-active hybrid [8]. In the battery semi-active hybrid topology (Fig.
1.2), a DC-to-DC converter is connected between the load and the battery. This converter
regulates the battery current such that it is maintained at a near constant level despite load current
variation. The main advantages of this topology are improvements in battery life time, energy
efficiency and operating temperature. The DC-to-DC converter also takes care of the need for
voltage matching between the battery and the load. The disadvantage of this topology is the
variation of load voltage during capacitor charging/discharging. In the capacitor semi-active
hybrid topology (Fig. 1.3), the DC-to-DC converter is placed between the capacitor and the load.
This topology improves the utilization of the supercapacitor energy at the expense of unregulated
battery voltage. Since the supercapacitor can be charged during regenerative breaking, a bi-
directional DC-to-DC converter is employed in this case.

Fully active battery-supercapacitor hybrid requires two DC-to-DC converters, and it is an
enhancement of the semi-active hybrid topology. As shown in Fig. 1.4, there are two DC-to-DC
converters, and each is connected in parallel to the battery and the capacitor. This topology is the
optimal configuration, as it solves the problem of load current variation during supercapacitor
charging/discharging and voltage mismatch between the battery and the load. As a result, the
efficiency of this topology is better than the semi-active and passive topologies. Although the
fully-active battery-supercapacitor hybrid attains the best performance and efficiency, it requires

complex power electronics and control strategies.
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1.2.1 Topology Selection

The passive battery-supercapacitor hybrid offers the most simplified approach. This
configuration has a low cost and high reliability, but the utilization of the battery and the
supercapacitor is inefficient due to unregulated voltage and current. On the other hand, the fully
active battery-supercapacitor hybrid attains the best performance at the cost of complex
circuitries and complicated control strategy. The semi-active battery-supercapacitor hybrid
provides a good trade-off between the performance and the cost. Between the two sub types of
semi-active hybrids, the capacitor semi-active hybrid is chosen. Placing the DC-to-DC converter
in parallel to the supercapacitor decouples the supercapacitor voltage from the load voltage.
Therefore, the utilization of supercapacitor energy is improved, and a smaller and cheaper

supercapacitor can be employed.



1.2.2 Modes of Operation for the Converter

For a typical capacitor semi-active hybrid configuration, the minimum voltage of the
supercapacitor is two third of its rated voltage [9, 10]. When the supercapacitor is under its
minimum voltage, the DC-to-DC converter has to be operating under charging mode. Therefore,
the supercapacitor is charged either by the battery or the load (during regenerative braking).
When the supercapacitor is above its minimum voltage, the DC-to-DC bi-directional converter is
operating under both charging and discharging mode. When the car is braking, the load will
charge the supercapacitor instead of the battery. When the car is running, both the supercapacitor

and the battery will supply the load.
1.3 High Frequency Converter with Soft Switching

The turn-on and turn-off transitions of any power electronic switch are non-instantaneous, so
there will be power losses. Typical waveforms showing turn-on and turn-off transitions of hard
switching are shown in Fig. 1.5. During hard switching, both current and voltage are presented
which results in power loss. As the frequency of the converter increases, switching loss would
account for a significant portion of total power loss. Also, lossy snubbers are required to limit the
di/dt and dv/dt during switching interval. Therefore, soft switching technique is introduced to
overcome the shortcomings faced by hard switching.

Soft switching techniques can be applied to either turn-on or turn-off transitions.
Consequently, they can be categorized into zero voltage switching (ZVS) turn-on and zero
current switching (ZCS) turn-off as shown in Fig. 1.6. In the case of ZVS, the switch turns on
with zero voltage across it; therefore the turn-on loss is greatly reduced. In the case of ZCS, the
switch turns off with zero current flowing through it, resulting in less turn-on loss. ZVS is

usually preferred over ZCS, because ZCS requires lossy snubbers in order to limit the capacitor



discharge current during turn-on transition, as well as di/dt limiting inductors in series with the

switches. As a result, ZCS suffers from greater snubber losses, and requires more components

than ZVS.

Switch Voltage (V)
and Current (isy)

Switching Losses

Turn-on Turn-off
transition transition
Vsw lsw H
Turn-on loss Turn-off loss

Figure 1.5 Switching loss in hard switched converter.
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Figure 1.6 Soft switching waveforms.



1.4 Literature Survey

For a battery-supercapacitor hybrid system, a bi-directional DC-to-DC converter is most
suited. There are two types of converters: non-isolated and isolated. Isolated DC-to-DC
converters have a high frequency transformer acting as an electrical barrier between the input
and output of the converter. In contrast, a non-isolated DC-to-DC converter does not have
electrical barrier between the input and output. Non-isolated DC-to-DC converters are low cost
and simple, but they do not provide a safety net for high power applications. A brief literature on

different types of bi-directional DC-to-DC converters will be presented in the next section.

1.4.1 DC-to-DC Converters without HF Transformer Isolation

Generally, converters without HF transformer isolation require less electrical components,
and the overall control scheme is less complicated. Today, converters without HF transformer
isolation are very common due to its simplicity and low cost, and there has been continuous
researches conducted on this topic [11-20].

Component stress and conduction losses are major concerns in high power and high frequency
converters. In [11-13], low-stress zero voltage transition (ZVT) buck/boost bi-directional DC-to-
DC converters are introduced. In [1], ZVT is obtained for the switches through an auxiliary
circuit which has few components and low reactive energy, thus increasing the system’s overall
efficiency. Gallium Nitride (GaN) power transistors are employed in [2], and ZVT is achieved
for all the switches. The soft-switched GaN power transistors result in a significant reduction in
conduction losses. Furthermore, current stress and voltage spike on the switches are significantly
reduced which make the converter suitable for a wide range of power.

A novel modulation strategy for high power bi-directional buck/boost converter is proposed in

[14]. To achieve ZVS in all switches, all four switches are gated in a way that the inductor



current remains negative at the beginning each pulse period. This allows the anti-parallel body
diode to conduct first; consequently, the MOSFET switches will turn on with ZVS. The
advantage of the proposed modulation strategy is that there are no additional active or passive
components required, because the modulation strategy is a software solution.

In [15-17], bi-directional DC-to-DC converters with coupled inductors are proposed and
investigated. In the proposed configuration, a coupled-inductor bi-directional converter scheme
utilizes four power switches to control the direction of the current. The converter proposed in [17]
achieves soft switching, synchronous rectification and voltage clamping to reduce switching and
conduction losses. A double-boost DC-to-DC converter configuration is presented in [15]. This
setup allows for bidirectional transfer of energy between a low voltage battery and a high voltage
DC bus.

To lower the overall conduction loss and reduce voltage and current ripple, an interleaved bi-
directional DC-to-DC converter with ZVS is reported in [19]. The proposed converter employs
an auxiliary inductor to achieve ZVS. The overall conduction loss of an interleaved converter is
lower than that of a single converter because the load current is shared by multiple converters.
As a result, not only efficiencies are boosted up, but also power qualities are improved by

interleaving multiple converters together.

1.4.2 DC-to-DC Converters with HF Transformer Isolation

Converters with HF transformer isolation provide an important safety feature for high power
applications, and can be used to step-up or step-down the voltage between the primary and
secondary windings of a transformer. However, high frequency operation also results in greater
switching losses. Soft switching techniques should be applied to all the switches in order to
reduce switching losses and component stress. Soft switched bi-directional converters with HF

transformer isolation have been proposed in [21-40].
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The most common type of bi-directional DC-to-DC converter is the dual active bridge (DAB)
[21-24]. In DAB DC-to-DC converters, the leakage inductance of the transformer is used as the
main energy transfer element. The direction of power transfer is controlled by phase shift
between the transformer primary voltage and the secondary voltage. The drawback of DAB
converters is that ZVS operates under a very limited range. Various approaches have been
attempted to extend the ZVS operation of DAB converters. One of such approaches is to add
auxiliary active clamping circuit to both bridges [22]. Another approach is to provide a soft-
commutating method and control scheme for an isolated boost full bridge converter [23]. This
method and control scheme utilizes the resonant tank and freewheeling path at the voltage-fed
side to preset the leakage inductance current in a resonant manner.

As mentioned earlier, DAB DC-to-DC converters have limited ZVS range as they can go into
hard switching at light load condition. Some of the solutions to extend ZVS range are to adopt
new modulation strategies as described in [25-30]. A new modulation strategy [25] allows
operating the DAB converter under ZVS for the whole operating range. This strategy imposes a
certain modulation index in one of the two bridges and a phase shift between the transformer
primary and secondary voltage. The proposed modulation strategy reduces the reactive power
and thus reducing the conduction losses. A triangular modulation strategy [26] is employed to
extend the load range of converter by applying both ZCS and ZVS. A hybrid modulation strategy
that combines triangular and trapezoidal modulation strategy is proposed in [27]. This
modulation strategy can be used to further extend the load range of converter.

Dual half-bridge bi-directional converters for fuel cell and battery application are
introduced in [31, 32]. The converter in [31] is able to achieve ZVS by gating on the in-coming

switch while the anti-parallel diode is conducting, and it operates under ZVS for wide range of
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power. The use of dual-half bridge topology effectively reduces the number of components by
half comparing to the full-bridge topology. However, there is a major drawback related to the
half-bridge configuration: the converter is working at half the supply voltage while the switches
are subjected to twice of the load current as compared to the full-bridge configuration.

A new family of soft-switching bi-directional DC-to-DC converters are introduced in [33-35].
It has been shown that the fundamental ZVS switch cells can be employed to generate a new
family of soft-switching bi-directional DC-to-DC converters [33]. Furthermore, different
converter configurations can be easily formed by choosing different combination of fundamental
ZVS switch cells. The use of fundamental ZVS switch cells guarantees ZVS in the forward mode
and the backward mode. A further improvement can be achieved by utilizing PWM plus phase-
shift control to reduce current stress and conduction losses, and to expand ZVS range [34].

Multi-port DC-to-DC converters for fuel cells and supercapacitor hybrid systems are
described in [36-38]. This converter configuration is ideal for fully active battery-supercapacitor
hybrid. However, the control scheme for multi-port converters is more complex than
conventional two-port converters.

Dual-bridge series resonant converter (DBSRC) is proposed in [39, 40]. Instead of using
inductor as the only energy transfer element, the DBSRC employs a LC resonant tank circuit. In
charging mode, the primary side operates under ZVS and the secondary side operates under ZCS
for all load conditions. In discharging mode, the primary side operates under ZCS and the
secondary side operates under ZVS for all load conditions. Also, DBSRC has low possibility of

transformer saturation due to the series capacitor.
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1.5 Research Motivation and Objectives

Various DC-to-DC bi-directional converters with HF transformer isolation have been
presented in the literature, but they still face the problem of limited soft-switching range. The
DBSRC presented in [39] that uses phase-shift gating scheme achieves ZVS on one side and
ZCS on the other side for whole range of load. However, the design and analysis DBSCRC
resonant converter with modified gating scheme [41] is not available in literature. The
objectives of this thesis are:

Part | - DBSRC with modified gating scheme
1) To investigate the operating principle of DBSRC with modified gating scheme
[42].
2) To present a detailed operation and analysis for the discharging and charging
mode of the converter.
3) To graph design curves base on the analysis, and provide detail design procedures
with an example.
4) To present both simulation and experimental results to verify the theory.
Part Il — Dual-bridge LCL-type series resonant converter with modified gating scheme
1) To derive theoretical results dual-bridge LCL-type series resonant converter with
modified gating scheme.
2) To give detailed design procedures with an example.
3) To present both simulation and experimental results to verify theoretical results.
4) To observe any improvement in efficiency with the modified gating scheme

comparing to the conventional modulation strategy.
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1.6 Thesis Outline

Chapter 1 introduces different topologies of battery-supercapacitor hybrid energy storage
system. Next, the need for DC-to-DC bi-directional converter is stated, and literature review is
carried out to identify the most suitable converter for the hybrid energy storage system. Finally,
dual-bridge resonant converter with HF transformer isolation is proposed for the application of
hybrid energy storage system.

In Chapter 2, a dual-bridge series resonant converter with capacitive output filter that is
controlled by modified gating scheme is proposed. Operation of the converter in four different
modes is explained with waveforms and equivalent circuits for different intervals of operation.
Approximate analysis approach is used to analyze the proposed converter. Based on the analysis
obtained, design curves can be plotted. Next, a 200 W converter is designed based on the design
curves. To validate the design procedure, the converter is simulated using PSIM simulation.
Finally, a prototype converter is built to verify the theoretical and simulation results.

Chapter 3 proposes a dual-bridge LCL-type series resonant converter with capacitive output
filter. The primary side of the converter is controlled by the modified gating scheme. Modes of
operation and operating intervals are illustrated by operation waveforms and equivalent circuits.
The design curves of the converter are obtained through Fourier series analysis approach. PSIM
simulation and experimental results are obtained to verify the theoretical results.

In chapter 4, a capacitor semi-active hybrid energy storage system is built to test the converter
presented in chapter 3. Simulations and experiments are carried out to verify the theory.

In the last chapter, main contributions of the thesis are summarized, and suggestions for future

works are made.
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Chapter 2
A Dual-bridge Series Resonant Converter with Capacitive Output

Filter

2.1 Introduction

In a battery-supercapacitor hybrid energy storage system, the supercapacitor can either supply
the load, or be recharged by the regenerative load and the battery through a DC-to-DC bi-
directional converter [8]. In this chapter, the secondary side of the converter is connected to the
battery and the load, and the primary side of the converter is connected to the supercapacitor.
However, for other applications, the roles of primary side and secondary side can be exchanged.
On the primary side, the battery voltage decreases as its charge depleted, so the input voltage of
the converter ranges from 104 V to 88 V. On the secondary side, the supercapacitor voltage

ranges from 96 VV to 64 V.

Dual-bridge series resonant converter (DBSRC) with HF transformer isolation has been
proposed for high power application [39]. In this configuration, both the inductor and the
capacitor are utilized as energy transfer devices. The direction of the power transfer is controlled
by phase shifting the voltages on the two sides of the transformer. Although this converter can
achieve ZVS or ZCS for wide ranges of load or supply voltage, it is desirable for all the switches
to operate in ZVS simultaneously. In DBSRC configuration, only one side of the transformer
operates under ZVS, while the other side operates under ZCS. Generally, ZVS is preferred over
ZCS, because ZCS requires lossy snubbers in series with the capacitive snubbers to limit peak
current, and di/dt limiting inductors in series with the switches. Therefore, ZVS has lower

switching losses and requires less number of devices in comparison to ZCS.
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In this chapter, a complementary gating scheme (also referred to as modified gating scheme)
proposed in [41] is applied for the first time to control the DBSCR. The purpose of using this
modified gating scheme is to extend the ZVS operation range of the converter. By using this
gating scheme, the tank current is will lag the output voltage of the converter across AB, vg, and
lead the primary-side reflected input voltage of the converter across CD, v’¢. The detailed
analysis and design of DBSRC with this gating scheme is not reported in literature until now.
Therefore; this chapter will analyze the DBSRC with this gating scheme, provide detailed design
procedures with example, and present simulation and experimental results. The outline of this
chapter is as follows. Section 2.2 presents the operating principle of the converter. In Section 2.3,
the converter is analyzed using the steady state analysis. In Section 2.4, a design example is
illustrated following the design procedure. The simulation and experimental results are presented
in Section 2.5 and Section 2.6, respectively. In Section 2.7, a comparison between modified
gating scheme and normal phase-shifted gating scheme is discussed. Finally, Section 2.8

concludes the chapter.

2.2 Operating Principle of the Proposed Bi-directional Converter with

Modified Gating Scheme

A schematic of the dual-bridge series resonant converter (DBSRC) [39] is shown in Fig. 2.1.
Two full bridges are connected through a series LC resonant tank and a HF transformer. The
series LC resonant tank is placed on the primary side of the transformer. The leakage inductance
of the transformer is used as part of the series inductor L. The series capacitor helps to block dc
component of the tank current, which prevents transformer saturation. The symmetry of the

converter enables it to control the direction of the power flow.
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The switches on the primary side of the converter are controlled using the modified gating
scheme [41] as illustrated through the operating waveforms shown in Fig. 2.2. The pulse width 6
of the voltage vap across the terminal AB is controlled by varying the angle a. The gating signals
Vgs2, Vgsa are cut by an angle a, which is then added to the gating signals Vgs1, Vgs3, respectively As
a result, vgs> and vgsz are wider than 180° in a cycle. The switches on the secondary side of the
converter operate with 50% duty cycle. There is a phase shift between the two bridges that
directs the power flow from one side of the bridge to the other. The amount of power transfer can
be controlled either by the phase shift angle or by the pulse width. The direction of the power

flow is determined by the polarity of the phase shift angle.

The switching frequency of the converter is set to be higher than the resonant frequency of the
tank circuit. As a result, the converter on the primary side of the transformer operates in lagging
pf mode. Under full load and maximum input voltage condition, all eight switches operate in
ZVS. However, under either light load or maximum input voltage condition, one of the four
switches on the primary side will go out of ZVS. In total, there are four distinct modes of

operation for the converter:

1. Mode-1: Discharging mode with all switches in ZVS.
2. Mode-2: Discharging mode with 7 switches in ZVS.
3. Mode-3: charging mode with all switches in ZVS.

4. Mode-4: charging mode with 7 switches in ZVS.

Each mode of operation will be broken down into seven intervals of operation and explained

using the operating waveforms.
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Figure 2.2 Gating signals in the modified gating scheme applied to the primary-side bridge of the
DBSRC circuit in generating the voltage va, marked in Fig. 2.1.

2.2.1 Mode-1: Discharging mode with all switches in ZVS

Under discharging mode, the power flows from the primary side of the transformer to the

secondary side of the transformer. As shown in Fig. 2.3, the output voltage across primary-side

bridge (vap) is phase shifted to lead the voltage across the secondary-side bridge or transformer

secondary (vcq) by ¢, and the tank current is lags the output voltage across primary-side bridge

(vab) by B and leads the secondary voltage (vcq) by 6. On the primary side, the anti-parallel diodes
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conduct before the switches are turned on, so all the switches can be switched on at zero voltage.
Similar to the primary side, all the switches on the secondary side turn on after their anti-parallel

diodes conduct. Therefore, all the switches operate in ZVS.

There are seven different intervals of operations in one switching cycle. The snubber
discharging/charging intervals are negligible and are neglected. The equivalent circuits of the

converter under each interval are shown in Fig. 2.4.

Interval 1 (Fig. 2.4 (a)): Before interval 1 begins since switch s, is turned off at the end of
interval-7, the primary current begins to charge the snubber capacitor ¢, to input voltage V;,
while the snubber capacitor c; begins to discharge to zero voltage. When c; is fully discharged,
d; turns on and Interval 1 begins. Therefore, d; and sz was already ON in interval 7) conduct
together free-wheeling the primary current, and therefore, the primary-side bridge output voltage
IS zero, i.e. Vo = 0. Diodes d; and dg continue to conduct carrying the output current i,. This

interval ends when sz is turned off.
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Figure 2.3 Operating waveform for DBSRC (Fig. 2.1) in discharging mode (Mode-1) with all
switches in ZVS. vgs1, Vgso, Vgs3 and Vgss are the gating signals of the primary side of the converter;
Vgss, Vgss, Vgs7 and Vgsg are the gating signals of the secondary side of the converter; va, is output
voltage of the primary-side converter across AB; v’¢q is the primary-side reflected input voltage
of the secondary-side converter across CD; is is the tank current; i’ is the primary-side reflected
output current.
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Interval 2 (Fig. 2.4 (b)): After switch sz is turned off, the primary current begins to charge the
snubber capacitor cz to input voltage V;, while the snubber capacitor ¢, begins to discharge.
Once c; is fully discharged, d, starts to conduct, and the primary current now flows through d;
and d,. On the secondary side, the output current still flows through anti-parallel diodes d; and ds.
To ensure ZVS on both sides of the transformer, s, should be gated before the primary current

goes to zero, and ss and sg should be gated after the primary current goes to zero.

Interval 3 (Fig. 2.4 (c)): This interval begins when the primary current goes to zero at mst = 3,
and the direction of the primary current changes. On the primary side, switches s; and s; are
turned on with zero voltage. On the secondary side, switches s; and sg are turned on with zero

voltage as well. This interval completes when sy and sg are turned off at st =3 + 6 = ¢.

Interval 4 (Fig. 2.4 (d)): After switches s;and sgare turned off, snubber capacitors c; and cg
are charged by the output current i, to output voltage V,. Meanwhile, the charges on cs and cg
begin to discharge by the output current i,. Once cs and cg have completely discharged, anti-
parallel diodes ds and dg will begin to conduct. On the primary side, the primary current is still

flowing through s; and s,. This interval ends when switches s; and s, are turned off at wst = 7.
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Figure 2.4 Equivalent circuit for different intervals of operation marked in the operating
waveforms of Fig. 2.3 for discharging mode (Mode-1) with all switches in ZVS.
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Interval 5 (Fig. 2.4 (e)): The primary current starts discharging the snubber capacitors c; and
c, while charging snubber capacitors c; and c4. The primary current will flow through anti-
parallel diodes d; and d, after c3 and c4 are completely discharged. On the secondary side, the
output current still flows through anti-parallel diodes ds and ds. To ensure ZVS on both side of
the transformer, s; and s, should be gated before the primary current goes to zero, and sy and Sg

should be gated after the primary current goes to zero.

Interval 6 (Fig. 2.4 (f)): This interval begins when the primary current goes to zero. On the
primary side, switches s3 and s, are turned on with zero voltage. On the secondary side, switches

Ssand sg are turned on with zero voltage as well. This interval ends when ss and sg are turned off.

Interval 7 (Fig. 2.4 (g)): The output current starts discharging snubber capacitors cs and cgand
charging snubber capacitors cg and c;. The output current flows through anti-parallel diodes d;
and dg after c; and cg are completely discharged. On the primary side, switches s3and s, continue
to conduct, The interval ends when switch s, is turned off at wst = (2t - o) on the primary side

and vgs1 is applied resulting in the beginning of Interval 1.

2.2.2 Mode-2: Discharging mode with seven switches in ZVS

Under light load or maximum input voltage condition, the pulse width ¢ is further reduced to
ensure the tank current will lead the secondary voltage. As a result, switch s, will not operate in
ZVS. From Fig. 2.5, it can be seen that the tank current is still lags the primary voltage by 8 and
leads the secondary voltage by 6, and the phase shift angle between the primary and secondary
voltage is ¢. Since only one of the switches goes out of ZVS, devices conducting during intervals

1, 4 to 7 remain the same as Mode 1. Intervals 1 to 4 will be explained in detail.
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Interval 1 (Fig. 2.6 (a)): Operation in this interval is the same as interval 1 of Mode 1;
therefore the equivalent circuit for operation is the same as Fig. 2.4 (a). The previous interval
ends when switch s, is turned off. Next, the snubber capacitor ¢4 is charged by the input voltage
to Vi, and the snubber capacitor c; is discharged to zero voltage. Interval 1 begins with anti-
parallel diode d; turning on and conducting together with switch s; (that was conducting in the
earlier interval) on the primary side, and vy, = 0. Anti-parallel diodes d; and dg on the secondary
side continue to conduct carrying the output current i,. This interval ends when the primary

current goes to zero.

Interval 2 (Fig. 2.6 (b)): When the primary current goes to zero, switch s; is turned on at zero
voltage and s; turns off with zero-current resulting in the conduction of ds, and the primary
current free-wheels through s; and ds. On the secondary side, switches s; and sg are turned on

with zero voltage. This interval ends when s; and sg are turned off.

Interval 3 (Fig. 2.6(c)): After switches syand sg are turned off on the secondary side, snubber
capacitors c; and cg are charged by the output current i, to output voltage V,. Meanwhile, the
charges on ¢s and cg begin to discharge by the output current i, resulting in the conduction of ds
and ds. The primary current still free-wheels through the switch s; and anti-parallel diode ds.

This interval ends when switch sz is turned off and s, is gated.

Interval 4 (Fig. 2.6 (d)): This interval begins when switch s is turned on and diode ds is
turned-off transferring the current s,. Since s, is gated after the primary current has become
positive, its anti-parallel diode d, never conducts. Consequently, s, does not turn on with zero
voltage. Switch s; continues to conduct together with s,. Switches s; and s; are turned off at the

end of this interval by removing their gating signals.



25

Vgsl
" 2r o
Vgsz %
2t od
Vgs3 ‘
2r g
o
Vgsa m
2r ot
VgSS! Vgsﬁ ‘ ‘ (
2 o
Vgs?; VgsS ‘ ‘
i 2 st
Vab : \V/
1
1)
0 !
| | | |
/: | | & :\
Bi o 1 :
[ Lo
el UL vl
| | Lo
| | Lo
0| | o
| ¢ | Lo
1 | I |
1 | I |
i’ | | | |
ol | : |
| | P
| | |
\J | AN
| ]
0| [ P
| | Lo
| | P
| | P
Interval |1| 2 |3 4 5| 6| 7 1 1( 2
Primary |4, s, |s; sy ds| 27 s d; di| s:
inverter Sa| dz |[ds So da| Sa Sa S3 S3 d3
Secondary d;| sy ds ds ds| ss d; d; d; S7
converter |ds| Ss |ds ds ds| ss ds ds ds| Ss
2T

Figure 2.5 Operating waveform for DBSRC in discharging mode (Mode-2) with seven switches
IN ZVS. Vgs1, Vgs2, Vgs3 and vgss are the modified gating signals of the primary side of the converter;
Vgss, Vgse, Vgs7 and Vgsg are the gating signals of the secondary side of the converter; vy, is output
voltage of the converter across AB; V’¢q is the primary-side reflected input voltage of the
converter across CD; is is the tank current; i’, is the primary-side reflected output current.
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Intervals 5-7: Operating waveforms, devices conductions and equivalent circuits are the same
as Mode-1. Note that switch sz has zero-current turn-off at the end of interval-1 and zero-voltage

turn-on at the beginning of interval-6.
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waveforms of Fig. 2.5 for discharging mode (Mode-2) with all switches in ZVS.
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2.2.3 Mode-3: Charging mode with all switches in ZVS

When the converter is operating in the charging mode, the power is flowing from the
secondary side to the primary side. The secondary voltage is made to lead the primary voltage;
therefore, the polarity of the phase shift angle changes, i.e., ¢ < 0. Tank current still lags the
primary by £, and leads the secondary voltage by 6. Fig. 2.7 shows the operating waveforms of
charging mode. Similar to mode 1 of discharging mode, there are seven different intervals of
operations in one switching cycle. The snubber discharging/charging intervals are negligible and

are neglected. The equivalent circuits of the converter under each interval are shown in Fig. 2.8.

Interval 1 (Fig. 2.8 (a)): This interval begins when switches s; and sg on the secondary side are
turned off at the end of interval 7. The snubber capacitors c; and cg are charged by the output
current i, to Vo, while the snubber capacitors cs and cg are discharged to zero. Output current i
begins to flow through ds and dg once cs and cg are fully discharged. On the primary side, diodes
d; and d4 continue to conduct. The primary current goes to zero at the end of this interval

beginning interval 2.

Interval 2 (Fig. 2.8 (b)): The current changes direction at the start of this interval and currents
get transferred to the switches s3, S4, Ss, and sg resulting them in turning on with zero-voltage. At

the end of this interval, gating signal for switch s, is removed resulting in the turn-off of s,.
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Interval 3 (Fig. 2.8 (c)): Switch s, turns off, and its snubber capacitor is charged to V;. The
primary current now flows through s; and dj, resulting in zero voltage across the output of
primary-side bridge, va, = 0. On the secondary-side, ss and sg continue to conduct. This interval

ends when switch s; is turned off.

Interval 4 (Fig. 2.8 (d)): After switch sz turns off, its snubber capacitor c3 is charged while
snubber capacitor c; is discharged through the tank circuit. Once c; is completely discharged, the
primary current starts to flow through diode d; and d,. On the secondary-side, ss and sg continue
to conduct. At the end of this interval, gating signals for ss and s6 are removed resulting in turn-

off of s5 and sg.

Interval 5 (Fig. 2.8 (e)): Switches ss and sg are turned off, and their snubber capacitors are
charged by the output current i,, while snubber capacitors ¢; and cg begin to discharge. Once c;
and cg are fully discharged, the secondary current flows through d; and dg. On the primary-side,

diodes d; and d; continue to conduct. Primary current reaches zero at the end of this interval.

Interval 6 (Fig. 2.8 (f)): The current reverses its polarity at the start of this interval. As a result,
the primary current flows through switches s; and s, while the secondary current flows through
switches sy and sg turning on all of them with ZVS. At the end of this interval, gating signals for

switches s; and s, are removed resulting in the turn-off of s;and s,

Interval 7 (Fig. 2.8 (g)): This interval begins right after switches s; and s, turns off. The
primary current charges the snubber capacitors ¢; and ¢, and discharges the snubber capacitors c3
and c4. After c; and c,4 are fully discharged, the primary current flows through d; and ds. On the

secondary-side, sy and sg continue to conduct.
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2.2.4 Mode-4: Charging mode with seven switches in ZVS

In order to keep all the switches in the secondary side of the transformer in ZVS during light
load or maximum input voltage conditions, the pulse width ¢ of the primary voltage is reduced,
and the phase difference 8 between the tank current and primary voltage is further increased.
Consequently, the tank current is never crosses the zero x-axis when switch s, is gated as shown
in Fig. 2.9. Under light load or maximum input voltage conditions, s, never conducts as opposed
to discharging mode where the anti-parallel diode d, never conducts; therefore, only seven
switches works in ZVS. All intervals are the same as Mode 3 except for interval 2, so intervals 1

to 3 will be explained in detail.

Interval 1 (Fig. 2.10 (a)): This interval begins when switches s; and sg on the secondary side
are turned off at the end of interval 7. The snubber capacitors c; and cg are charged by the output
current i, to Vo, while the snubber capacitors cs and cg are discharged to zero. Output current i
begins to flow through ds and dgs once cs and cg are fully discharged. On the primary side, diodes

ds and d4 continue to conduct. At the end of this interval, gating signal for switch s, is removed.

Interval 2 (Fig. 2.10 (b)): This interval begins when switch s; gated and is turned on and diode
ds is turned-off transferring the current to s;. Since the current through switch s, is always
negative since only d4 conducts and switch s4 never conducts. The primary current now free-
wheels through s; and ds resulting in zero voltage across the output of the primary-side bridge,
Vap = 0. On the secondary side, diodes ds and dg continue to conduct. This interval ends when the

primary current reaches zero.

Interval 3 (Fig. 2.10 (c)): The current changes direction at the beginning of this interval;

therefore, the primary current now flows through s; and ds, resulting in zero voltage across the
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output of primary-side bridge, va, = 0. On the secondary-side, ss and sg are turned on with zero

voltage. This interval ends when switch sz is turned off.

Intervals 4-7: Operating waveforms, devices conductions and equivalent circuits are the same

as Mode-1.

Note that switch s; has zero-current turn-off at the end of interval 2 and zero-voltage turn-on

at the beginning of interval 6.
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Figure 2.9 Operating waveform for DBSRC in charging mode (Mode 4) with seven switches in
ZVS. Vgs1,Vgs2,Vgs3 and Vgsa are the modified gating signals of the primary side of the converter;
Vgss,Vgse,Vgs7 and Vgsg are the gating signals of the secondary side of the converter; vy, is output
voltage of the converter across AB; V’¢q is the primary-side reflected input voltage of the
converter across CD; is is the tank current; i’, is the primary-side reflected output current.
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Figure 2.10 Equivalent circuits for different intervals of operation marked in the operating

waveforms of Fig. 2.9 for charging mode (Mode 4) with seven switches in ZVS.
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2.3 Steady State Analysis

The DBSRC with the modified gating scheme is analyzed using two different complex ac

equivalent circuit analysis approaches [43, 44].

2.3.1 Assumption Used

The following assumptions are made without sacrificing too much accuracy of the analysis for

design purpose:

1) Only the fundamental components of voltages and currents are taken into consideration.
2) Switches, diodes, inductors and capacitors are assumed to be ideal in the analysis.

3) The effects of snubbers are neglected.

4) The magnetizing inductance is assumed to be infinite and the leakage inductance is taken

as part of the resonant inductance L.

2.3.2 Normalization

Following the convention, the load resistance R, output current i, and output voltage V, are
transferred to the primary side and denoted as R’,, i’sand V’,, respectively. For the purpose of

design, all the equation will be expressed in normalized form with the following base values:

Vg = Vi,min' Zp = RIIJ I = VB/ZB (2.1)

M = Vo,/VB = Vo’/Vi,min (2.2)



The normalized value of the resonant series reactance is given as follows:

KXspu = Xispu + Xespu
where KXispu = QF
Xespu = —Q/F
F=ws/or = fi/fy
Q = w,Ls/R}
wy = 1/,/LsC rads/sec
and f; is the switching frequency.

2.3.3 Analysis I - Voltage Source Load
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(2.3)

(2.4)

(2.5)

(2.6)

(2.7)

(2.8)

As shown in Fig. 2.11, the output of secondary side is treated as a voltage source. v is the

output voltage of the converter across AB, and v’ is the primary-side reflected input voltage of

the converter across CD. The full bridge on primary side of the converter is controlled with the

modified gating scheme. In this analysis, only the fundamental components of v, and v’y are

kept for analysis, and they are denoted as vap1 and v’¢g;. Fig. 2.11 (a) shows the time domain

circuit used for the analysis. Using the Fourier series, it can be shown that these fundamental

components in normalized form are given by:

Vapa(t) = Z?Vl (1 — cosd)sin(wst) V

(2.9)
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] avy .
Veg1(t) = ?sm((ust -¢) V (2.10)

Fig. 2.11 (b) shows the phasor domain circuit for fundamental component used for steady-state

analysis. The expression for v, 1 and v’¢q 1 in phasor domain are:

Vaps = =1 (1 = cos8)z —90°  V (2.11)
7/ Vol
faa =22 =90°—¢ V (2.12)

Using the superposition theorem, the normalized tank current is can be obtained by summing
the responses caused by each independent source acting alone. The phasor domain equation for is

can be expressed as:

o 4y
I, =— 1- 0)£0° +
s nXS( cosd) X

Z-¢ (2.13)

Again, the phasor domain expression can be converted into time domain expression:

ispu(t) = - 2 [(1 — cosb) sin(wst — 90°) — 2Msin(wst — ¢ — 90°)] (2.14)

X s,pu
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\Tab @ jXLS jXCS @ \TCd
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Figure 2.11 (a) Equivalent circuit for approximate analysis where the output is treated as a
voltage source: (a) in time domain (b) in phasor domain.

The points of interest are when the tank current is at wst; = (7 — J) and wst; = ¢. The primary
voltage goes from zero to positive at t;= (= — d)/ws. When t, = ¢/ws, the secondary voltage goes

from negative to positive. The tank current at these instants are given by:

Lspu (ﬂ _ 5) = 2 [2Mcos(m - § — ¢) — (1 — cosd)cos(m - §)] (2.15)
’ Wq X pu
. ¢ 2
soul—) = 2M — (1 — cosb 2.16
Isp (ws) ﬂXs,pu[ (1 — cosd)cos(¢)] (2.16)

To ensure both sides of the transformer operate in ZVS, ispy(t1) should be negative, and is py(t2)
should be positive. Then the tank current will be lagging the primary voltage and leading the

secondary voltage.
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To find the time when tank current peaks, the derivative of the tank current (1.11) is taken and

equated to zero at t = t,:

dispy
dwt

2
= — [(1 = cos8) sin(wst,) — 2Msin(wst, — ¢p)| = 0 2.17)

t=tp

and wsty is given by:

R ( 2Msing ) (2.18)
Wstp = 1AM 2Mcos¢ — (1 — cosé) '
Equation (2.18) is substituted in (2.14) to give the expression for the peak current:
I = ;\/4M2 — 4Mcos¢p(1 — cosd) + (1 — cosd)? (2.19)
PP nQ(F — 1/F) |
The rms tank current is given by
I = L\/L}Mz — 4Mcosp(1 — cosd) + (1 — cosd)? (2.20)
SR qQ(F — 1/F)

The product of the peak current tank Is, ., and the tank capacitor reactance X, gives the tank

capacitor peak voltage:

2
Veppu = m\/éle — 4Mcos¢p(1 — cosd) + (1 — cosd)? (2.21)

The instantaneous power delivered to secondary side can be evaluated by taking the product

Of V’cd’]_’pu(t) and |5’pu(t).
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Ppu(t) = n:i(—M [MsinZ(a)stp — gb) — (1 — cosd) cos(a)stp)sin(a)stp — qb)] (2.22)
s,pu

The active power at the output is the average value of the instantaneous power:

1 _ 4M(1 - cos8)sing
Ps®) = 32 | PO C0.6) = 55 (2.23)

From equation (2.23), it is clear that the value of 6 does not have an effect on the direction of
power flow. The direction of the power flow is controlled by ¢. When ¢ is greater than zero, the
net power is delivered to the secondary side. If ¢ is less than zero, the direction of the power flow

is reversed.

2.3.4 Analysis II - Resistive Load

In this method, the output of the DBSCR is replaced by a resistor with capacitive output filter.
The equivalent circuit at the output of the primary converter is shown in Fig. 2.12. The rms value
of the fundamental component of the reflected secondary converter input voltage v’¢q can be

evaluated as follows:

E, = (2.24)

The secondary side of the converter is a controlled rectifier. Unlike diode rectifier where the
tank current isis in phase with the primary-side reflected input voltage of the converter v’¢, the
controlled rectifier causes the current to lag the voltage by an angle 0. Thus, the current is for

controlled rectifier can be expressed as:
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is = Ispsin(wst + 0) (2.25)
where Igp is the peak tank current.

The load current I’, can be evaluated by taking the average of is:

T 21,
I, = J id (wgt) = Tcose (2.26)
0

s, Séﬁcﬂéﬁ NN

L G Y
Be

Zeq = |Zac|2 0 sl dgl Cs | | do| Co
i1 e

Figure 2.12 Equivalent circuit at the output of the primary converter across terminal AB.

The rms value of the tank current can be obtained by:

Iy nl,

I, = =— 2.27
T V2 2+/2cosH ( )

Since the rectifier output current and voltage are not always in phase, the rectifier-filter-load

block in Fig. 2.12 can be replaced by equivalent ac impedance|Z,.|26. The value of |Z,| is given

by:
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7. | = E, 8V cos® 8R;cost
R D

(2.28)

The fundamental rms value of the output voltage of the converter across AB can be expressed

as:
V2y,

E; = TL (1 — cosd) (2.29)

Fig. 2.13 shows phasor circuit model used for the analysis. Based on the model, the steady-

state analysis of the converter can be derived using complex ac circuit analysis. From Fig 2.13,

the voltage gain of this circuit can be obtained as:

E, _ |Zgcl (2.30)
Ei |Zac +sz|
BElw2b i
Ag N |
_ JALs iX _
Va=E; £0 Jes Veo'=Eo Z-¢

ac

B
Figure 2.13 Equivalent phasor circuit for approximate analysis where the output is treated as ac
impedance.

From equations (2.24), (2.29) and (2.30), the converter gain can be solved as:

4(1 — cosd)

M = =
64 + m*Q%(F — 1/F)%sec?6 + 16m2Q(F — 1/F)tan 0

N|SS

(2.31)
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The detail derivation of the converter gain expression is given in Appendix A. Referring to
the ac impedance network in Fig. 2.13, the phase difference between tank current is and primary

voltage vq, can be obtained as:

m2Q(F — 1/F) + 4sin26
— -1
B = tan ( 8cos20 > (2.32)
From Fig 2.13, the phase between is and secondary voltage vcq is given by:
m2Q(F — 1/F) + 4sin26
—h — = — -1
0=¢—pB=¢—tan ( 8cos20 (2.33)

The above equation can be further simplified to

tan 8 = cot 8 2.34

an g = cotg T20(F — 1/F) (2.34)

A simpler expression for converter gain can be obtained by substituting equation (2.34) into

(2.31):

M= 4(1 — cosd)sing
- m2Q(F — 1/F)

(2.35)

When the load current is reduced, the value of Q decreases as the load resistance R’ increases.
In order to keep the converter gain M constant, the value of ¢ or 6 has to be adjusted as the load
current decreases. As a result, for a given value of M, there are two control variables ¢ and 6 and
there are infinite numbers of solutions for a given M. However, there are certain constraints

imposed on the angles B and ¢ that will limit the number of solutions to a single unique solution.
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To find the relationship between the converter gain and ZVS range, the fundamental component

of the tank current is obtained as:
is,pu ) = \/Elsr,puSin(wst - B) (2.36)

Under discharging mode, the primary side of the converter works in ZVS if the tank current is
at wst = (r — 0) is negative, i.e., sin((x — 6)-f) < 0. The secondary side of the converter works in
ZVS if isat wst = ¢ is positive, i.e., sin@@) > 0. Since 0 = (¢ — B) > 0, it can be concluded that ¢
has to be greater than . Consequently, the tank current will be lagging the primary voltage vap
and leading the secondary voltage v¢q. From the analysis, the constraints for § and ¢ can be

determined as: B > (x —d) and ¢ > P.

Following complex ac circuit analysis based on Fig. 2.13, the angles § and 6 can be derived as

follows:

8 = —sin! 2Mcos¢ /(1 — cosé) — 1 l 537
B \/1+4M2/(1—c056)2 — 4Mcos¢ /(1 — cosd) (2.37)
o 2M /(1 — cosé) — cos¢ l
0 = 1
. L/l + 4M? /(1 — cos8)? — 4Mcos¢p /(1 — cosd) (2:38)

However, the ZVS operation range for switch s; is limited; therefore, it is possible to remove
the ZVS constraint on switch s, on primary. Similar analysis can be applied to charging mode,

and the constraints are: f > (r—9J) and ¢ + S > 6.
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It should be noted the tank current derived based on analysis Il is the same as (2.14).
Furthermore, the conditions of ZVS range obtained here are the same as those found through

analysis 1.

2.4 Design Example

The analysis presented in the last section is used to obtain design curves and to design a
converter. Once the converter’s component values have been determined, the converter can be

simulated using PSIM to verify the theoretical values.

The specifications of the converter used for illustrating the design procedure are as follows:
input supply voltage Vi = 64 V to 96 V, output power P, = 200 W, output voltage V, = 88 V to
104V, switching frequency fs = 100 kHz and full load resistance at maximum output voltage R, =

Vomac!Po = 1042/200 = 54.08 Q.

The converter is designed for the worst case scenario: minimum supply voltage and maximum
load current and maximum pulse width (6 = =). Using the equations obtained in Section 2.3,

design curves of the converter can be graphed.

The objectives of the design are to extend the ZVS range of the converter and to maximize the
number of switches operating in ZVS. Therefore, the tank circuit components are chosen
according to the design objectives. However, it is difficult to achieve the optimal design points in
all design curves due to trade-off. Equations (2.37) and (2.38) are plotted for 6 = t with respect
to ¢ for variation in M in Fig. 2.14 and Fig. 2.15 respectively. As shown in Fig. 2.14, the
switches on the primary side of the converter work in ZVS only if the converter gain M is kept

under unity. Fig. 2.15 shows that all switches on the secondary side work in ZVS if the converter
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gain is kept over unity, or if the value of the phase shift angle ¢ is large. Combining both figures,
it can be concluded that the value of the converter gain M should be chosen as close to unity as
possible. If the modified gating scheme is applied to the primary side of the converter, the value
of the converter gain should be chosen to be 0.95 in order to obtain the largest possible soft
switching range. If the modified gating scheme is applied to the secondary side of the converter,
the converter gain should be chosen to be 1.05. Since the modified gating scheme is applied to
the switches on the primary side, M is set to be 0.95. From Fig. 2.14 it can be seen that a
minimum value of 0.323 rad for ¢ is required to keep the switches on the secondary side in ZVS

corresponding to M = 0.95.

1.55

<
< W

B (radian)

|
<
h

B

A o 0 /o . L
-1.5 -1 -0.5 0 0.5 1 1.5
¢ (radian)

Figure 2.14 Soft switching range of the primary converter for variation in M, 6 = .
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0 (radian)

¢ (radian)
Figure 2.15 Soft switching range of the secondary converter for variation in M, é = «.
Next, Equations (2.37) and (2.38) are plotted for M = 0.95 with respect to ¢ for variation in &
in Fig. 2.16 and Fig. 2.17, respectively. Fig. 2.16 shows that as the value of & decreases, the
value of ¢ has to increase in order to keep all the switches on the primary side in ZVS. On the

other hand in Fig. 2.17, it is clear that decrease in & results in ZVS on the secondary side.

(m - 0)/2 - B (radian)

¢ (radian)

Figure 2.16 Soft switching range of the primary converter for variation in o.
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0 (radian)

0
¢ (radian)
Figure 2.17 Soft switching range of the secondary converter for variation in o.

Equation (2.35) is plotted in Fig. 2.18 to show the converter gain with respect to ¢ for
variation in normalized frequency. From Fig. 2.18 it is clear that a larger value of F corresponds
to wider range of ¢. Recall from Fig. 2.16 that a larger value of ¢ translates to a greater soft
switching range for switches on the secondary side. However, it is important to understand the
effect of different values of F on the peak resonant tank current. Using (2.19), the resonant peak
current at full load versus M is plotted for different values of F as shown in Fig. 2.19. Next, the
resonant capacitor peak voltage at full load with respect to converter gain M is plotted in Fig.

2.20 for different values of F.
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Figure 2.18 Converter gain M vs. phase shift angle ¢ between primary and secondary voltage for
various value of switching frequency ratio, F, 6 = =.

22 | s |
L F=11
_18f
fah e
F=13
1.2 e S — Q=1
0.7 0.8 0.9 1 1.1

Converter Gain: M

Figure 2.19 Normalized peak current vs. converter gain for various value of F, forQ =1, 6 = =.

The variation in normalized resonant peak current (ratio of the resonant peak current at a
reduced load to the resonant peak current at full load) versus the percentage of full load is plotted
in Fig. 2.21 for M = 0.95. The relation between the tank circuit’s total KVA rating and the output

power can be evaluated as (QF+Q/F)/Re[Zacpu]. Fig. 2.22 shows the total KVA rating of the tank
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circuit per kW output power with varying Q for M = 0.95. It can be observed that the tank

kVA/KW of output power is lower for lower value of Q.

Fig. 2.19 indicates that a larger F value corresponds to a higher peak resonant current at M =
0.95. However, Fig. 2.18 shows that a normalized frequency value of 1.4 offers four times the ¢
range than a normalized frequency value of 1.1, while only suffering 15% increase in peak
resonant current. As mentioned earlier, a wider ¢ range gives greater ZVS operation range on
the primary side. Moreover, Fig. 2.20 indicates that a higher value of the normalized frequency
gives a lower resonant capacitor voltage. Taking both factors into considerations, the value of the
normalized frequency is chosen to be 1.4. Finally, it is important to minimize the kVA rating of
tank circuit per kW of output power. It can be seen Fig. 2.22 that a small Q will reduce the

kVA/KW rating of the tank circuit, so the value of Q is chosen at 1.

2
F=11
315 s -
%- _‘V/
— E=12 /?/
| F=1.3
TFoa Q=1

07 075 08 085 09 095 1 1.05 1.1
Converter gain: M
Figure 2.20 Normalized peak resonant capacitor voltage vs. converter gain for various value of F,
forQ = 1.
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Figure 2.21 Ratio of tank peak current at part load to peak current at full load for various value
of F,forQ=1, M =0.95.

1 1.1 1.2 1.3 14
Normalized switching frequency: F

Figure 2.22 Total kVA rating of tank circuit per KW of output power for various value of F, for
M = 0.95.

Using the converter specification and design values stated above, the converter components

can be determined as following. Base voltage, Vg = Vi min = 64 V. The output voltage at full load

with minimum input voltage is:

V) = MV i = 0.95 X 64 = 60.8V
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The transformer turns ratio can be determined by:
ng: 1=V, : Vymar =0585:1

Also, the primary-side reflected output resistance is given by:

VZ
R, = n? 2= = 18.48(
Fo

Given F = 1.4, Q = 1, R = 18.48Q and f; = 100 kHz, the tank circuit components can be

calculated using equations (2.6) — (2.8):

Ly = 41.18 uH and C, = 120.57 nF.

Following (2.19), the normalized peak resonant current through the tank circuit and the

switches at full load is given by:

I

sppu = 1.631p.u.

The normalized peak voltage across Cs can be calculated using (2.21):

|74

eppu = 1.163 p.u.

The base values given by (2.1) are: Vg =64 V, Zg = R’ = 18.48 Q and lg = Vp/Zg = 3.46 A.

Then the tank peak current value and peak capacitor voltage value at the design point are given

by:

Iy = 5.65Aand V, = 7443V
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However, the maximum tank peak current and tank capacitor voltage occurs at maximum
input voltage and minimum output voltage due to higher base value. With maximum input
voltage and minimum output voltage, Vg = 96 V, Zg = 13.25 Q and Ig = 7.24 A. As a result, the
peak current ls, = 0.86 p.u. = 0.86 x 7.24 = 6.22 A, and the peak capacitor voltage V¢, = 0.856
p.u. = 0.856 x 96 = 82.1V. The selection of switches and tank circuit components are based on

the worst case condition shown above.
2.5 Simulation

The converter designed in section 2.4 is simulated using PSIM for various input voltage and
load conditions. To prevent any two switches on the same leg conducting simultaneously, a four
degree dead band is placed between the gating signals of the two switches. With switching
frequency of 100 kHz, the four degree dead band equals to 110 ns. The output voltage is to
remain constant by adjusting the phase shift ¢ between the primary and secondary voltage and
the pulse width ¢ of the primary voltage.

The simulation results obtained for minimum input voltage (Vimin = 64 V) and maximum
output voltage (Vo max = 104 V) at full load, half load and 25% load are shown in Fig. 2.23 to Fig.
2.28. From the graphs, it can be seen that the value of ¢ decreases for reduced loads. Under full
load and half load conditions, all the switches operate in ZVS. When the load is reduced to 25%,
switch s, on the primary side of the converter stops operating in ZVS. Under full load, the peak
current is 5.32 A, whereas the peak capacitor voltage is 80.8 V.

Fig. 2.29 to Fig. 2.34 show the simulation result for maximum input voltage (Vimax =96 V)
and minimum output voltage (Vomin = 88 V) at full load, half load and 25% load. In this case,

switchs, on the primary side of the converter always work in hard switching. Moreover, as the
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pulse width ¢ decreases, the tank current no longer maintains its sinusoidal waveform. As a result,
the approximate analysis cannot accurately predict the behavior of the converter when ¢ is small.
The charging mode is illustrated for input voltage Vi = 64V and output voltage V, = 104 V at
full load. The simulation results are shown in Fig. 2.35 and Fig. 2.36. The current waveform
shows that the average tank current is negative; therefore, the power is transferred to the primary
side of the converter. Furthermore, all the switches are operating in ZVS at full load with

minimum input voltage.
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Figure 2.23 Simulation waveforms for DBSRC in discharging mode at full load with V; = 64V
and V, = 104V. vy, is the primary voltage, vqq is the secondary voltage, is is the tank current, V. is
the capacitor voltage, loy IS the output current, isy1 and isy are the currents through switches and

Vsw1 and Vg are the switch voltages.
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Figure 2.24 Simulation waveforms for DBSRC in discharging mode at full load with V; = 64V
and Vo= 104V. isw3, Iswa,iswa, Isws lsws, Isw7 @aNd iswg are the currents through switches and vsys,Vswa,

Vsws, Vswe, Vsw7 and Vsyg are the switch voltages.
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Figure 2.25 Simulation waveforms for DBSRC in discharging mode at half load with V; = 64V
and V, = 104V. vy, is the primary voltage, v¢q IS the secondary voltage, is is the tank current, V. is
the capacitor voltage, loy is the output current, is,1 and isy, are the currents through switches and
Vswi1 and vgyoare the switch voltages.
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Figure 2.26 Simulation waveforms for DBSRC in discharging mode at half load with V; = 64 V
and Vo = 104V. isu3, iswa,iswa, Isws iswe, Isw7 and isyg are the currents through switches and vsys, Vswa,
Vsws, Vsws, Vsw7 and Vsyg are the switch voltages.
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Figure 2.27 Simulation waveforms for DBSRC in discharging mode at 25% load with V; = 64V
and V, = 104V. vy, is the primary voltage, vqq is the secondary voltage, is is the tank current, V. is
the capacitor voltage, loy IS the output current, isy1 and sy are the currents through switches and
Vswi1 and Vg, are the switch voltages.
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Figure 2.28 Simulation waveforms for DBSRC in discharging mode at 25% load with V; = 64 V
and Vo = 104 V. isys, Iswa,iswa, Isws isws, Isw7 and isyg are the currents through switches and Vsys, Vswa,
Vsws, Vsws, Vsw7 and Vsyg are the switch voltages.
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Figure 2.29 Simulation waveforms for DBSRC in discharging mode at full load with V; = 96V
and V, = 88V. vy, is the primary voltage, v¢q is the secondary voltage, is is the tank current, V; is
the capacitor voltage, loy is the output current, is,1 and isy, are the currents through switches and
Vsw1 and Vg are the switch voltages.
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Figure 2.30 Simulation waveforms for DBSRC in discharging mode at full load with V; = 96 V
and Vo = 88V. lisw3, Iswa,iswa, Isws lsws, Isw7 and isyg are the currents through switches and Vsws, Vswa,
Vsws, Vswe, Vsw7 and Vsyg are the switch voltages.
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Figure 2.31 Simulation waveforms for DBSRC in discharging mode at half load with V; = 96 V
and V, = 88V. vy, is the primary voltage, v¢q is the secondary voltage, is is the tank current, V. is
the capacitor voltage, loy is the output current, is,1 and isy, are the currents through switches and
Vswi1 and Vs are the switch voltages.
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Figure 2.32 Simulation waveforms for DBSRC in discharging mode at half load with V; = 96 V
and Vo = 88 V. isys, Iswa,iswa, Isws Isws, Isw7 @and isyg are the currents through switches and vsys, Vswa,
Vsws, Vsws, Vsw7 and Vsyg are the switch voltages.
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Figure 2.33 Simulation waveforms for DBSRC in discharging mode at 25% load with V; = 96 V
and V, = 88 V. vy, is the primary voltage, v is the secondary voltage, is is the tank current, V. is
the capacitor voltage, lou IS the output current, isy1 and sy, are the currents through switches and

Vsw1 and v, are the switch voltages.
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Figure 2.34 Simulation waveforms for DBSRC in discharging mode at 25% load with V; = 96 V

and Vo= 88 V. isys, isws,iswa, Isws lsws, Iswz and isyg are the currents through switches and vsys, Vswa,

Vsws, Vsws, Vsw7 and Vsyg are the switch voltages.
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Figure 2.35 Simulation waveforms for DBSRC in charging mode at full load with V;= 64 V and
Vo =104 V. vy is the primary voltage, vq is the secondary voltage, is is the tank current, V. is the
capacitor voltage, loy is the output current, isya and isy, are the currents through switches and vy
and vy, are the switch voltages.
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Figure 2.36 Simulation waveforms for DBSRC in charging mode at full load with V; = 64 V and
Vo = 104 V. isw3, isw3,i5w4, isw5’i5w6, isw7 and isw8 are the CurrentS through SWitCheS and sz3, sz4, VSW5)
Vswe, Vsw7 @nd Vgyg are the switch voltages.
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2.6 Experimental Results

A 200 W prototype DBSRC is built using the same design parameter given in the last section
in order to verify the theoretical and simulation results. An EE-type ferrite core — TDK-
PC40ETDA49-Z is used for the HF transformer. The turns ratio of the transformer is set to be 7 :
12, and the leakage inductance of the transformer is measured to be 7.2 uH which is used as part
of the series inductance. Eight IRF210 MOSFETS are being used as the switches, and 2.2 nF
snubber capacitors are employed on the primary and secondary side of the converter.

Open-loop gating scheme control is generated by the eZdspTMS320F2810 DSP board. The
DSP board is programmed with ¢ language, and Event Module A is used to generate the
modified gating scheme. A 319 ns dead band is given to the PWM signals. The generated PWM
signals are sent to a LTC1045CN voltage translator IC, so they can be translated from 3.3 V to
15V in order to drive the MOSFETS. The output signals from LTC1045CN IC are sent to driver
board that provides isolation between the DSP board and the prototype circuit. A picture of the
experimental setup of the dual-bridge series resonant converter is shown in Appendix B.

The experimental results for minimum input voltage and maximum output voltage are given
in Fig. 2.37 to Fig. 2.42. Under full load (Fig. 2.42) and half load (Fig. 2.43) conditions, all the
switches of the DBSRC are operating in ZVS. It can be seen that the tank current is is lagging the
primary voltage va, by B, and B is greater than the angle «; therefore, all the switches on the
primary side of the converter are operating in ZVS. Also, the tank current is is leading the
secondary voltage v¢g by 6, which indicates ZVS operation for all switches in the secondary side
of the converter as well. However, when the load is reduced to 25%, tangle B is less than angle .
As a result, diode d, does not conduct at all, and switch swturns on with hard switching. Fig.

2.43 to Fig. 2.48 show the test results for different load level with maximum input voltage and



72

minimum output voltage. Switch sw; loses ZVS for all load levels, because angle 3 always is less
than angle a. The four switches on the secondary side of the converter remains in ZVS, because
angle 6 remains positive. During the experiment, switch sw; is observed to dissipate more heat
than other switches only when angle B is less than angle a. This observation confirms that switch
SW»is operating in hard switching.

Both the phase shift ¢ and pulse width & are used together to maintain the output voltage at a
desired level. When the load level is reduced, or the converter gain is decreased, the pulse width
& of vgp has to be reduced in order to keep the output voltage constant. The advantage of reducing
0 is to keep the switches on the secondary side of the converter in ZVS, while the downside is
that the current waveform will not remain sinusoidal. Consequently, the approximate analysis
can no longer accurately predict the behavior of the circuit. This is the major factor contributing
to the large discrepancy between the theoretical values and experimental values for low load
level.

As it can be seen, the experimental waveforms match closely with the simulation waveforms.
There are some small discrepancies between the experimental and simulation results, which can
be explained as follows. The dead band given in the experiment is almost three times greater
than the one given in the simulation. Also, simulation did not account for the power loss in the
tank circuit, snubber capacitors and HF transformer. Finally, voltages va, and vgg are assumed to
be perfect square waves in the simulation. In the experimental waveforms, there are some
oscillations when the polarity of vq, or veg changes.

Measured efficiencies for varying converter gain and load conditions are listed in Table 2.1 to
Table 2.3. With maximum converter gain of 0.95, The DBSRC has an efficiency of 95%, 93.1%

and 82.7% for full load, half load and 25% load, respectively. When the converter gain is
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reduced to 0.54, The DBSRC has an efficiency of 92.5%, 90.1% and 81.1% for full load, half
load and 25% load, respectively.

Table 2.1 Comparison of Theoretical, Simulation and Experimental Results for V; = 64V and V,
=104 V in Discharging Mode.

Load Method Phase | Pulse | Ispeak | Isms(A) | Vepeak | Verms(V) | # | Switches
Level Shift-¢ | Width | (A) V) (%) | inZVS
(degree) -0
(degree)
100% Theory 535 180 | 5.65 | 4.00 74.4 52.6 - 8
Simulation 55.3 180 | 5.32 | 4.18 80.8 55.1 |96.5 8
Experimental | 50.0 180 | 580 | 4.31 85.0 57.2 195.0 8
50% Theory 23.8 1745 | 259 | 1.83 344 24.3 - 8
Simulation 22.0 172 | 227 | 1.82 36.0 23.6 | 94.7 8
Experimental | 16.0 170.0 | 2.7 2.24 40.0 27.2 ]93.1 8
25% Theory 12.5 1495 | 1.32 | 0.93 17.4 12.3 - 7
Simulation 13.0 150 | 1.34 1.0 19.5 125 189.3 7
Experimental | 10.0 148 1.8 1.26 30 157 | 827 7

Table 2.2 Comparison of Theoretical, Simulation and Experimental Results for Vi = 96 V and V,
=88 V in Discharging Mode.

Load Method Phase | Pulse | Ispeak | Isms(A) | Vepeak | Verms(V) | # | Switches
Level Shift-¢ | Width | (A) V) (%) | inZVS
(degree) -0
(degree)
100% Theory 56.8 120.9 | 6.22 | 4.40 82.1 58.1 - 7
Simulation 59.5 122 | 6.73 | 4.60 90.2 59.3 929 7
Experimental | 60.0 124 7.8 5.31 100 71.1 925 7
50% Theory 33.8 98.0 |312| 221 41.1 29.1 - 7
Simulation 33.5 98.0 | 430 | 248 49.0 29.8 |90.9 7
Experimental | 32.0 98.0 | 520 | 274 51.2 342 [90.1 7
25% Theory 17.4 934 | 156 | 110 20.5 14.5 - 7
Simulation 16.5 920 |3.03| 151 26.7 16.1 |89.6 8
Experimental | 15.0 91.0 | 350 | 1.82 30.0 196 |81.1 7




74

Tek il Trig’d M Pos: 3.4580us
-~

Ved

s B s i N e T -5

['I'_'- ] "R.g.#""# !

L

I all }Ji S e e
1

Figure 2.37 Experimental waveforms for DBSRC in discharging mode at full load with V; = 64 V
and V, = 104 V. primary voltage v, (40V/div), secondary voltage veq (40V/div), resonant
capacitor voltage v (40V/div), tank current is (5A/div).
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Figure 2.38 Experimental waveforms with switch voltage with respect to the resonant current. (a)
voltage across switch 1 vg,1 (50V/div), tank current is (L0A/div); (b) voltage across switch 2 vgy.
(50V/div), tank current is (10A/div); (c) voltage across switch 3 veys (50V/div), tank current is
(10A/div); (d) voltage across switch 4 vg (50V/div), tank current is (L0A/div); (e) voltage across
switch 5 and switch 6 vsus, Vsws (50V/div), secondary side reflected tank current i’s (5A/div); (f)
voltage across switch 7 and switch 8 vz, Vsus (50V/div), secondary side reflected tank current i’s
(5A/div).
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Figure 2.39 Experimental waveforms for DBSRC in discharging mode at half load with V; = 64
V and V, = 104 V. primary voltage va, (40V/div), secondary voltage veq (40V/div), resonant
capacitor voltage v (40V/div), tank current is (2.5A/div).
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Figure 2.40 Experimental waveforms with switch voltage with respect to the resonant current. (a)
voltage across switch 1 vg,; (50V/div), tank current is (2.5A/div); (b) voltage across switch 2 vgy;
(50V/div), tank current is (2.5A/div); (c) voltage across switch 3 vg,3 (50V/div), tank current i
(2.5A/div); (d) voltage across switch 4 vgy, (50V/div), tank current is (2.5A/div); (e) voltage
across switch 5 and switch 6 vsus, Vswe (50V/div), secondary side reflected tank current i’
(1A/div); () voltage across switch 7 and switch 8 vsy7, Vsus (50V/div), secondary side reflected
tank current i’s (LA/div).
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Figure 2.41 Experimental waveforms for DBSRC in discharging mode at 25% load with V; = 64
V and V, = 104 V. primary voltage va, (40V/div), secondary voltage veq (40V/div), resonant
capacitor voltage v (40V/div), tank current is (2.5A/div).
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Figure 2.42 Experimental waveforms with switch voltage with respect to the resonant current. (a)
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voltage across switch 1 vy, (50V/div), tank current is (LA/div); (b) voltage across switch 2 vgy;
(50V/div), tank current is (LA/div); (c) voltage across switch 3 vz (50V/div), tank current i
(1A/div); (d) voltage across switch 4 vg.4 (50V/div), tank current is (LA/div); (e) voltage across
switch 5 and switch 6 vsys, Vsws (50V/div), secondary side reflected tank current i’s (1A/div); (f)
voltage across switch 7 and switch 8 vz, Vsuws (50V/div), secondary side reflected tank current i’s

(1A/div).
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Figure 2.43 Experimental waveforms for DBSRC in discharging mode at full load with V; =88 V
and V, = 96 V. primary voltage va, (40V/div), secondary voltage veq (40V/div), resonant
capacitor voltage v (40V/div), tank current is (5A/div).
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Figure 2.44 Experimental waveforms with switch voltage with respect to the resonant current. (a)
voltage across switch 1 vg,1 (50V/div), tank current is (L0A/div); (b) voltage across switch 2 vgy.
(50V/div), tank current is (10A/div); (c) voltage across switch 3 ve,s (50V/div), tank current is
(10A/div); (d) voltage across switch 4 vg (50V/div), tank current is (L0A/div); (e) voltage across
switch 5 and switch 6 vsys, Vsws (50V/div), secondary side reflected tank current i’s (5A/div); (f)
voltage across switch 7 and switch 8 vz, Vsus (50V/div), secondary side reflected tank current i’s
(5A/div).
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Figure 2.45 Experimental waveforms for DBSRC in discharging mode at half load with V; = 88
V and V, = 96 V. primary voltage v, (40V/div), secondary voltage ves (40V/div), resonant
capacitor voltage v (40V/div), tank current is (2.5A/div).
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Figure 2.46 Experimental waveforms with switch voltage with respect to the resonant current. (a)
voltage across switch 1 vgya (50V/div), tank current is (2.5A/div); (b) voltage across switch 2 vgy»
(50V/div), tank current is (2.5A/div); (c) voltage across switch 3 vg,3 (50V/div), tank current is
(2.5A/div); (d) voltage across switch 4 vy, (50V/div), tank current is (2.5A/div); (e) voltage
across switch 5 and switch 6 vsus, Vsws (50V/div), secondary side reflected tank current i’
(1A/div); () voltage across switch 7 and switch 8 vz, Vsws (50V/div), secondary side reflected

tank current i’s (LA/div).
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Figure 2.47 Experimental waveforms for DBSRC in discharging mode at 25% load with V; = 88
V and V, = 96 V. primary voltage va, (40V/div), secondary voltage vy (40V/div), resonant
capacitor voltage v (40V/div), tank current is (2.5A/div).
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Figure 2.48 Experimental waveforms with switch voltage with respect to the resonant current. (a)
voltage across switch 1 vy (50V/div), tank current is (LA/div); (b) voltage across switch 2 vgy
(50V/div), tank current is (1A/div); (c) voltage across switch 3 vsg (50V/div), tank current i
(1A/div); (d) voltage across switch 4 vgyg (50V/div), tank current is (LA/div); (e) voltage across
switch 5 and switch 6 vsys, Vswe (50V/div), secondary side reflected tank current i’s (LA/div); (f)
voltage across switch 7 and switch 8 vz, Vsuws (50V/div), secondary side reflected tank current i’s
(1A/div).

Table 2.3 Comparison of Theoretical and Simulation Results for Vi = 96 V and Vout = 88 V in
Charging Mode.

Load MethOd Phase PU|S€ Isipeak Is’rms(A) Vcipeak chrms(V) 7’] SWitChES

Level Shift-¢ | Width | (A) V) (%) | inZVS
(degree) -0
(degree)

100% | Theory -53.5 180 | 5.65 | 4.00 74.4 52.6 -
Simulation -56 180 | 532 | 4.18 80.8 551 ]96.5 8
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2.7 Comparison between Modified Gating Scheme and the Normal

Gating Scheme

Comparing to the normal gating scheme [3], the modified gating scheme increases the number
of switches in ZVS from four to eight under optimal conditions. Even under the worst case
condition, seven of the eight switches can operate under ZVS. As a result, only one switch
requires lossy RC snubber when modified gating scheme is employed. Also, the range of the
phase-shift angle for the modified gating scheme is much greater than the normal gating scheme;
therefore, a greater error tolerance can be applied to a DBSRC with modified gating scheme. For
example, a DBSRC with normal gating scheme only has 8.8 degree of phase-shift angle control
between full load to light load. On the other hand, a DBSRC with modified gating scheme has 40
degree of phase-shift angle control between full to light load.

Another advantage of modified gating scheme is having lower peak tank current and peak
tank capacitor voltage. With modified gating scheme, the peak tank current is 6.22 A, and the
peak capacitor voltage is 82.1, whereas with normal gating scheme, the peak current is 7.04 A,
and the peak capacitor can reach as high as 349.6 V. Therefore, circuit component with lower
rating can be selected for the DBSRC with modified gating scheme. Finally, there is not a
significant difference in efficiency between the two gating schemes. The efficiency of the
DBSRC with modified gating scheme is 95%, 93% and 83% for 100%, 50% and 25% load,
respectively. The efficiency of the DBSRC with normal gating scheme is 95%, 93% and 77% for

100%, 50% and 25% load, respectively.

2.8 Conclusion

In this chapter, a dual-bridge series resonant converter with new modulation strategy is

proposed. Operation principles of the converter are explained, and two approximate analysis
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methods are presented to analyze the converter. Based on the analysis, detailed design
procedures were presented with design curves, and a 200 W converter is designed for
verification purpose. The designed converter is simulated using PSIM. Next, a prototype DBSRC
is built to verify the theoretical results. If the converter is operating with high load level and
maximum converter gain, all the switches work in ZVS. If the converter is operating with
minimum converter gain or light load level, seven of the eight switches are able to operate in
ZVS. Switch sw, on the primary side of the converter loses ZVS. Furthermore, with minimum
converter gain and light load level, the tank current no longer maintains a sinusoidal waveform.
As a result, the approximate analysis can not accurately predict behaviour of the tank current,
because the approximate analysis only takes the fundamental component of the current and
voltage. In the future, Fourier analysis with harmonics included should be employed to give a

more accurate mathematical model of the DBSRC.
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Chapter 3
A Dual-bridge LCL-type Series Resonant Converter with Capacitive

Output Filter

3.1 Introduction

The dual-bridge series resonant converter (DBSRC) presented in Chapter 2 has increased the
number of switches in ZVS mode compared to standard phase-shift gating scheme, but one of the
switches still operates in hard switching mode when the load or the converter gain is reduced. In
this chapter, a dual-bridge LCL-type series resonant converter with a capacitive output filter is
proposed. Comparing to the LC-type series resonant converter proposed in chapter 2, the LCL-
type series resonant converter with modified gating scheme can operate in lagging PF (above
resonance) mode for a wider range of load current and supply voltage [45].

To the best knowledge of the author, the analysis, design, simulation and experimental results
of dual-bridge LCL-type series resonant converter using modified gating scheme are not
available in literature until now. Therefore, this chapter will provide detailed analysis, design
example, simulation results and experimental results of the converter. The converter is analyzed
using Fourier-series approach. Fourier-series analysis offers more accurate results than the
approximate analysis including the ZVS range discussed in Chapter 2, because it takes the first
few harmonics into consideration. Section 3.2 explains the operating principle of the converter.
The steady-state analysis is presented in Section 3.3. Design example is given in Section 3.4.
Simulation and experimental results are given in section 3.5 and 3.6, respectively. Finally,

section 3.7 concludes this chapter.
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3.2 Operating Principle

The circuit diagram of the dual-bridge LCL-type series resonant converter is shown in Fig.3.1.
A full bridge is placed on each side of the HF transformer, and a series resonant tank is placed on
the primary side of the transformer. The symmetry of the converter allows power to flow in both
directions. There is an additional parallel inductor L; placed on the secondary side of the
transformer. The advantage of placing L; on the secondary side is that the magnetising
inductance of the transformer can be used as part of the parallel inductor. The leakage inductance
of the transformer can be used as part of the series inductor L.

The switches on the primary side of the converter are controlled using the modified gating
scheme. The pulse width ¢ of the voltage va, across the terminal AB is controlled by varying the
angle a. The gating signals vgs,, vgs, are cut by an angle a, which is then added to the gating
signals vgsi, vgss respectively. The switches on the secondary side of the transformer are gated
with 50% duty cycle. The amount of the power transferred is controlled by the phase shift angle
between the primary side and the secondary side of the converter. When the power is transferred
from the primary side to the secondary side, primary voltage vap leads secondary voltage vq and
vice versa. Although the operating principle of the dual-bridge LCL-type series resonant
converter is similar to that of dual-bridge resonant converter, the former has a wider ZVS range

than the latter. There are two modes of operation, and they are discharging and charging modes.
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Figure 3.1 Dual-bridge bidirectional LCL-type series resonant converter with capacitive output
filter.

3.2.1 Discharging mode

The operating waveforms for discharging mode are show in Fig. 3.2. The primary voltage
leads the secondary voltage by phase shift angle ¢. The tank current is lags the primary voltage
by g, and the secondary current isc lags the secondary voltage by (x — ¢ + 6). There is a small
difference between the phase of the tank current and the secondary current. There are nine
distinct intervals of operations, and the equivalent circuits of the converter under each interval
are shown in Fig. 3.3.

Interval 1 (Fig. 3.3 (a)): Initially, the primary current free-wheels through anti-parallel diode
d; and switch sz, so the output voltage of the converter across AB is zero. The secondary current
flows through anti-parallel diodes d; and dg.This interval ends when s3 is turned off.

Interval 2 (Fig. 3.3 (b)): The primary current begins to charge the snubber capacitor c3 to
input voltage V; while the energy in snubber capacitor c, is discharged. Once c, is fully
discharged, anti-parallel diode d, starts to conduct. Now the primary current flows through d;
and d,. . On the secondary side, anti-parallel diodes d; and dg continue to conduct. This interval

ends when the secondary current reaches zero.
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Interval 3 (Fig. 3.3 (c)): On the primary side, diodes d; and d, continue to conduct. Since the
voltage across syand sgare zero due to conduction of d; and dg, switches s7and sgare turned on
(since they are already gated) with zero voltage as the secondary current changes direction. This
interval ends when the primary current reaches to zero.

Interval 4 (Fig. 3.3 (d)): As the primary current goes to zero, the direction of the primary
current changes. Since d; and d, were conducting and s; and s; already gated, switches s; and s;
turn on with zero voltage. On the secondary side, switches s; and sg continue to conduct. This
interval ends when switches s; and sg are turned off.

Interval 5 (Fig. 3.3 (e)): Snubber capacitors c;and cg are charged by the secondary current isec
to output voltage V,, while snubber capacitors cs and cg are discharged by isc.. Anti-parallel
diodes ds and dg begin to conduct after snubber capacitors ¢s and cs are completed discharged.
On the primary side, switches s; and s, continue to conduct. This interval ends when switches s;
and s; are turned off.

Interval 6 (Fig. 3.3 (f)): The primary current starts charging snubber capacitors ¢; and ¢, while
snubber capacitors c3 and c4 are discharged through the tank circuit. The primary current will
flow through anti-parallel diodes d; and d, after c; and c,4 are completely discharged. On the
secondary side, diodes ds and ds continue to conduct. This interval ends when the secondary
current reaches zero.

Interval 7 (Fig. 3.3 (g)): The secondary current is goes to zero and its direction is reversed.
Switches ssand sg are turned on with zero voltage because voltages across the switches are zero
due to conduction of ds and ds before current goes to zero and gating signals are already given to
them. On the primary side, diodes d; and d4 continue to conduct. This interval ends when the

primary current goes to zero.
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Figure 3.2 Operating waveform of dual-bridge LCL-type series resonant converter (Fig. 3.1) in
discharging mode with all switches in ZVS mode. vgs1, Vgs2, Vgs3 and vgss are the modified gating
signals of the primary side of the converter; vgss, Vgss, Vgs7 and Vgsg are the gating signals of the
secondary side of the converter; v, is output voltage of the converter across AB; v iS the input
voltage of the converter across CD; i is the tank current; ise iS the secondary current; iyp is
parallel inductor current.
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Figure 3.3 Equivalent circuits of the converter for different intervals of operating waveforms

shown in Fig. 3.2 (discharge mode).

Interval 8 (Fig. 3.3 (h)): The primary current changes direction and since ds and d, were

conducting prior to this, switches s; and s, are turned on with zero voltage since they have been
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already gated. On the secondary side, switches ssand sg continue to conduct. This interval ends
when switches ss and sg are turned off.

Interval 9 (Fig. 3.3 (i)): The secondary current starts charging cs and cs while discharging c;
and cg. Anti-parallel diodes d;and dg starts conduction after the voltage across ¢; and cg is fully
discharged. On the primary side, switches s; and s, continue to conduct. This interval ends when
switch s, is turned off. Snubber capacitors across s, and d; discharge and charge until voltage
across them reach V; and zero, respectively. This will allow d; to conduct and starting interval 1.
This completes operation in one HF period.

It is important note that the primary side converter behaves differently under light load in the
discharging mode. As shown in Fig. 3.4, interval 2 and interval 3 are different from Fig. 3.2. The
first three intervals of operation are depicted in Fig. 3.5 and they will be explained.

Interval 1 (Fig. 3.5 (a)): The primary current free-wheels through anti-parallel diode d; and
switch sz, so the output voltage of the converter across AB is zero. The secondary current flows
through anti-parallel diodes d; and dg. This interval ends when the secondary current reaches
zero.

Interval 2 (Fig. 3.5 (b)): Since anti-parallel diodes d; and dg were conducting before the
secondary current reaches zero, and the gating signals for switches s; and sg have been already
given, s; and sg turn on with ZVS. On the primary side, diode d; and switch s3 continue to
conduct. This interval ends when the primary current reaches zero.

Interval 3 (Fig. 3.5 (c)): When the primary current goes to zero, switch s; is turned on at zero
voltage and s3 turns off with zero-current resulting in the conduction of ds, and the primary
current free-wheels through s; and ds. On the secondary side, switches s; and sg continue to

conduct. This interval ends when switch s, is gated.
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It is important to note that since the primary current goes to zero before switch s; is gated, s;
will turn on with voltage across the switch, because its anti-parallel diode d, never conducts.

However, switch sz not only turns on with ZVS, but also turns off with ZCS.
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Figure 3.4 Operating waveform of dual-bridge LCL-type series resonant converter in discharging
mode with seven switches in ZVS mode. Vgs1, Vgs2, Vgs3 and vgsa are the modified gating signals of
the primary side of the converter; vgss, Vgss, Vgs7 and Vgsg are the gating signals of the secondary
side of the converter; vy, is output voltage of the converter across AB; vgq is the input voltage of
the converter across CD; iis is the tank current; i’sec iS the secondary current; iy, is parallel
inductor current.



97

a
C

. C
hﬁﬁ Y |y,

o
(a) Interval 1 (b) Interval 2

ILs

(c) Interval 3

Figure 3.5 Equivalent circuits of the converter for the first three intervals of operating waveforms
shown in Figure 3.4 Fig. 3.4 Equivalent circuits for the intervals 4 to 9 are the same as Fig. 3.3(d)
to (i).

3.2.2 Charging mode

In charging mode, the load becomes a voltage source, and the power is transferred from the
secondary side to the primary side of the converter. In this mode, the secondary voltage leads the
primary voltage. As it can be seen in Fig. 3.6 the phase shift angle ¢ is negative, and the average
output current is negative. The tank current i still lags the primary voltage by B, and the
secondary current isc lags the secondary voltage by 0. As a result, all the switches operate in
ZVS mode. Comparing to discharging mode, the tank current i s on the primary side is now
leading the primary-side reflected secondary current i’sec. Similar to discharging mode, there are
nine distinct intervals of operations, and the equivalent circuits of the converter under each

interval are shown in Fig. 3.7.
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side of the converter; vy, is output voltage of the converter across AB; vgq is the input voltage of
the converter across CD; iis is the tank current; isc is the secondary current; iy, is parallel
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Interval 1 (Fig. 3.7 (a)): Before interval 1 begins, switches sy and sg are turned off at the end of
interval 9 and therefore snubber capacitors ¢; and cg are charged by the secondary current i,
while snubber capacitors cs and ¢ are discharged by isc. Interval 1 starts when anti-parallel
diodes ds and ds begins to conduct after capacitors cs and cg are completely discharged. On the
primary side, anti-parallel didoes d; and d, continue to conduct from the last interval. This
interval ends when the primary currenti,s reaches zero.

Interval 2 (Fig. 3.7 (b)): Since the voltage across switches s; and s, are zero due to conduction
of d; and d, prior to is changes direction, switches sz and s4 turn on with ZVS since they are
already gated. On the secondary side, diodes ds and dg continue to conduct. This interval ends
when the secondary current reaches zero.

Interval 3 (Fig. 3.7 (c)): Switches ssand sg are turned on with zero voltage when secondary
current changes direction because voltages across the switches are zero and they are already
gated. On the primary side, switches s; and s, continue to conduct. This interval ends when the
gating signal vgss is removed.

Interval 4 (Fig. 3.7 (d)): Snubber capacitors across s, and d; charge and discharge and d; will
turn on when voltage across it reaches zero. The primary current free-wheels through anti-
parallel diode d; and switch ss, so the output voltage of the converter across AB is zero. On the
secondary side, switches ssand sg continue to conduct. This interval ends when s3 is turned off.
Interval 5 (Fig. 3.7 (e)): The primary current begins to charge the snubber capacitor cs to input
voltage Vi while the energy in snubber capacitor ¢, is discharged. Once c; is fully discharged,
anti-parallel diode d; starts to conduct. Now the primary current flows through d; and d,. On the
secondary side, switches ssand sg continue to conduct. This interval ends when switches ssand sg

are turned off.
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Interval 6 (Fig. 3.7 (f)): Snubber capacitors cs and cg are charged to V, by isc, While ¢; and cg
are discharged by isec. The secondary current flows through anti-parallel diodes d; and dg after c;
and cg are completely discharged. On the primary side, diodes d; and d, continue to conduct. This
interval ends when the primary current reaches zero.

Interval 7 (Fig. 3.7 (g)): The primary current goes to zero, and the direction of the primary
current changes. Since diodes d; and d, were conducting prior to i current reaching zero,
switches s; and s; can be turned on with zero voltage since they are already gated. On the
secondary side, diodes d; and dg continue to conduct. This interval ends when the secondary
current reaches zero.

Interval 8 (Fig. 3.7 (h)): Since d; and dg were conducting in the last interval before the
secondary current goes to zero and reverses its direction, switches sy and sg are turned on with
zero voltage since they are already gated. On the primary side, switches s; and s, continue to
conduct. This interval ends when switches s; and s, are turned off.

Interval 9 (Fig. 3.7 (i)): Snubber capacitors c¢; and c, are charged by the tank current to a
voltage of V;, while c3 and ¢4 are discharged to zero voltage. Anti-parallel diodes d; and d, starts
to conduct once c3 and c,4 are fully discharged. On the secondary side, switches s; and sg continue
to conduct. This interval ends when s; and sg are turned off. This completes one HF switching

period.
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Figure 3.7 Equivalent circuits of the primary side of the converter for different intervals of
operating waveforms shown in Fig. 3.6 (charging mode).

Similar to discharging mode, the primary side converter behaves differently under light load

in charging mode. Fig. 3.8 shows the operating waveform for the converter under light load, and
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it can be seen that intervals 2 and 3 are different from that in Fig. 3.6. The first three intervals of
operation are depicted in Fig. 3.9 and they will be explained in details.

Interval 1 (Fig. 3.9 (a)): Anti-parallel diodes ds and ds begins to conduct after capacitors cs
and cg are completely discharged. On the primary side, anti-parallel diodes d; and d4 continue to
conduct from the last interval. This interval ends when the gating signal vgss is removed. It is
important to note that the primary current will not reach zero before the gating signal vgss is
removed, thus switch s, does not conduct at all.

Interval 2 (Fig. 3.9 (b)): This interval begins when switch s; gated and is turned on and diode
d, is turned-off transferring the current to s;. The primary current now free-wheels through s; and
ds resulting in zero voltage across the output of the primary-side bridge, va, = 0. On the
secondary side, diodes ds and dgs continue to conduct. This interval ends when the primary
current reaches zero.

Interval 3 (Fig. 3.9 (c)): The current changes direction at the beginning of this interval;
therefore, the primary current now flows through s; and ds, resulting in zero voltage across the
output of primary-side bridge, vay = 0. On the secondary side, diodes ds and dg continue to
conduct. This interval ends when secondary current goes to zero.

It is worth noting that switch s; turns on with ZVS and turns off with ZCS.
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Figure 3.8 Operating waveforms of dual-bridge LCL-type series resonant converter in charging
mode with seven switches in ZVS mode. Vgs1, Vgs2, Vgs3 and vgss are the modified gating signals on
the primary side of the converter; vgss, Vgss, Vgs7 and Vgsg are the gating signals on the secondary
side of the converter; vy, is output voltage of the converter across AB; vgq is the input voltage of
the converter across CD; is is the tank current; isc is the secondary current; iy, is parallel
inductor current.
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Figure 3.9 Equivalent circuits of the converter for the first three intervals of operating waveforms
shown in Fig. 3.8 (charging mode with 7 switches in ZVS). Equivalent circuits for the intervals 4
to 9 are the same as Fig. 3.6(d) to (i).

3.3 Steady-State Analysis
The dual-bridge LCL-type series resonant converter is analyzed using the Fourier series

approach [46].

3.3.1 Assumptions

The following assumptions are made without sacrificing too much accuracy of the analysis:
(1) Switches, diodes, inductors and capacitors are assumed to be ideal in the analysis.
(2) The effects of snubbers are neglected.
(3) The leakage inductance is taken as part of the resonant inductance Ls and magnetizing
inductance is used as part of parallel inductance.

(4) Load voltage is assumed to be a constant voltage source.

3.3.2 Modeling of the Converter

The dual-bridge LCL-type series resonant converter across terminal AB can be converted to

its equivalent circuit shown in Fig. 3.10 (a). First, the delta-wye transform is applied to the
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circuit. Next, the circuit is redrawn with wye network (Fig. 3.10 (b)) and the expressions for the

resulting elements are:

L = 1sLm (3.1)
VUL 4+ L+ Ly

L= 1Lt (3.2)
2T L A+ L+ Ly,

LiLy, (3.3)

L,=— "
ST L AL+ Ly,

Finally, all the series inductors are combined into one, and the simplified circuit is redrawn in
Fig. 3.10 (c). The inductor L, is neglected, because its value is very small comparing to L; and L,.
The expressions for the newly obtained resonant inductors Ls and L, are given by

Ly=L,+Lyp+L, (3.4)
L, = Ls (3.5)
where Ly, Lis” and Ly are primary leakage inductance, secondary leakage inductance referred

to the primary side and magnetizing inductance, respectively.

et
%d—&LCs ﬂH?cs
A =51

Q
o
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3.3.3 Normalization
To simplify design procedures, all the equations are normalized with the following base

quantities:
Ve = Vinin Zp = (Ls/Cs)l/Z’ Ig =Vg/Zp (3.6)
The subscript ‘n’ in the following equations denotes the nth harmonic component. The

normalized reactance for nth harmonic are:

1 (3.7)
Xsn,pu = XLsn,pu - XCsn,pu =nF — n_Fp' u.
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L (3.8)
Xipnpu = nFL—pp.u.
S
XLpn puXCsn pu (3.9)
X = ' 2= p.u.
eanp XLpn,pu + XCsn,pu
F = ws/w,, w, = 1//L;Cs, g = 27f; (3.10)
where F is the ratio of switching frequency fs to the tank resonance frequency f;.
Load resistance reflected to the primary side is
, _ Ry (3.11)
RL == _2
ng
Converter gain is expressed as
M= Vo _ Vo (3.12)
Vg nVp
Normalized load current is given by
I 3.13
- (3.13)
B

3.3.4 Analysis
Time-domain equivalent circuit at the output of the dual-bridge LCL-type series resonant

converter is shown in Fig. 3.11 (a). Voltage v, is the output voltage of the converter across AB,

and voltage v’¢q is the primary-side reflected input voltage of the converter across CD. Both

voltages in per unit are expressed in Fourier series as:

2 cos(nm)(cos(nd) — 1)sin(nwgt)
Vapu == ). - £ (3.14)
n=1,2,..
, 4M sin?(nm/2)sin(nwst — ne)
Ved,pu = 7 n > (3.15)

n=12,...
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It should be noted that v, has both odd and even harmonics; therefore, an extra term sin(nz/2)
is added to v’¢q to keep uniformity.

In order to carry out the circuit analysis, initially phasor circuit for "™ harmonic has to be
solved. The first step is to convert the time domain expressions for the voltages into phasor

domain for n™ harmonic (Fig 3.11 (b)) as follows:

Vapn = n—‘;l [cos(nm)(cos(nd) — 1)]2—90° (3.16)
Vean = i—fsinz (nmt/2)2—90 — n@° (3.17)
L C ILs i’sec
A 3 Tr C
L
Vab VLp Lp V,Cd
° @ D
X A TLsn I secn
A N J\ o ) C
A + ILpn
vabn@ \TLpn ijpn @ V’cdn
B D

(b)

Figure 3.11 Equivalent circuit of the Dual-bridge LCL-type series resonant converter (a) in time
domain (b) in phasor domain for n™ harmonic.

Next, superposition theorem is applied to the equivalent circuit to find the n™ harmonic tank

current I, .., parallel inductor current I_Lpn and primary-side reflected secondary current I,.,,. Fig.
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3.12 shows the equivalent circuits used for superposition theorem. Firstly, voltage V/,,, is short-
circuited, and the current responses caused by V,;,, are given by:

2V, cos(nm) (cos(nd) — 1) ,

I_Lsnl = X 0° A (3.18)
sn
Lipn1 =0 (3.19)
_ 2V; 6)—1
[ . cos(nm) (cos(nd) )400 A (3.20)

X,

Next, voltage V,;,, is short-circuited, and the current responses caused by V/,,, are given by:

4V sin? (ﬂ)

7 2
Iisno = — — £—n¢p A (321)
sn
, . o (NT

I =_M4_n¢, A (3.22)

Lpnz X pn
_ 4V,'sin? (%) (3.23)
Isecnz == ——— —<4—n¢ A

nXeqn
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Figure 3.12 Superposition theorem applied to Fig. 3.11 (b): (a) Phasor domain equivalent circuit
for "™ harmonic with output voltage source short-circuited (b) Phasor domain equivalent circuit
for n™ harmonic with input voltage source short-circuited.

The current caused by V,,, flows in the opposing direction of the current caused by V,,, SO
the total current is the difference between the first and the second current;

) . o (DT
2V; cos(nm) (cos(nd) — 1) L0° 4 4V, sin? (7)

luon = 0° L-np A (324
I Lsn J— Xsn ™ Xsn 7’l¢
nm
4V sin? (—)
i 2
= —————22, _np A (3.25)
Lpn Xy pn 4—ng
., (DT
_ 2V; cos(nm) (cos(nd) — 1 4V, sin? (=~
Isecn = — l (nm) (cos(nb) )LOO + O—(Z)L -ngp A (3.26)

X, TNXeqn
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The phasor domain expressions for the currents are converted back to time domain
expressions for the purpose of our analysis. The time domain expressions are sum of all

harmonics and are given in per unit values:

E i cos(nm) (cos(nd) — 1) cos(nwst)

iL , = -
o T, Xsnpu
(3.27)
N 4M sin?(nm/2)cos(nwst — ne)
T Wi Xsnpu
] _AM i sin?(nm/2)cos(nwst — ne) 308
Hppu = T X o (3.28)
n=1,2,... ’
., 2 cos(nm) (cos(nd) — 1) cos(nwgt)
i =——
o T n=1,2,.. Xsnpu
(3.29)
N aM sin?(nm/2)cos(nwgt — ne)
T n=12,.. Xeqnpu

The above currents can be expressed in a more compact form. ispy can be re-written as

following:
N (3.30)
Lspu = Z Ispnpusin(n wst + vy)
n=1,2,...
where
1/2
Lspnpu = (Wspnipu + Bspnapu) (3.31)
I
¥, = tan™?! ( LSPnl.pu> (3.32)
ILsan,pu

2[— cos(nm) (cos(nd) — 1) + 2Msin?(nm/2)cos(n¢)]

Inspnipu = Xy, o (3.33)
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4Msin?(ntt/2)sin(ng)
I = 34
Lspn2,pu nT[Xsn,pu (3 3 )
iLp,pu Can be re-written as following:
lppu = Z L1 ppnpucos(n wst — ng) (3.35)
n=1,2,..
where
4Msin?(nm/2)
I = — 3.36
Lppn,pu X L (3.36)
I’sec,pu CaN be re-written as following:
i;ec,pu = Z Is’ecp,puSin(n wst + V) (337)
=1,2
where
! ! ! 1/2

Isecp,pu = (Isgcpnl,pu + Isgcpnz,pu) (338)

-1 Isecpnl,pu
Yp =tan™ " | ——— (3.39)

Isecpnz,pu

) —2[cos(nm) (cos(nd) — 1)] 4Msin?(nm/2)cos(ng)
secpnlpu — + (3.40)
’ N Xsn pu N X eqn,pu
) 4Msin?(nm/2)sin(ng)

Isecpnzpu = (3.41)

X eqnpu

To determine the voltage and current stresses on different components, the rms current and
voltage values has be to calculated. Furthermore, these values can be used to calculate the kVA

rating of the tank circuit. The rms current value through the series resonant tank Ls and Cs is

- 1/2
_ Y1z, ILzspn,pu] (3.42)

Ji =
Ls,pu,rms \/—
2

The rms current value through the parallel inductor Ly, is



2o o]

I =
p,pu,rms \/E

The rms voltage value across the series inductor L is

1/2
2
v _ [Z?lo=1,2,... VLspn,pu]
Ls,pu,rms — \/—
2
where Vispnpu = IspnpuXisnpu

The rms voltage value across the series capacitor Cs is

1/2
00 2
Vv _ [Zn=1,2,... VCspn,pu]
Cs,pu,rms — \/—
2
where VCspn,pu = _Ispn,puXCsn,pu

The rms voltage value across the parallel inductor L;, is

. 1/2
v _ [Zn:l,z,... VLprn,pu]
Lp,purms — \/E
where 4Msin?(nm/2)
Vippnpu = — nn

113

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)

(3.48)

(3.49)

With the expression for the primary-side reflected secondary current i’sc given, the

normalized load current for n™ harmonic J, can be obtained by taking the average of the

secondary current and is given by

¢

6
1 . .
]n =;l_fl;ecn,pudwst+ f l;ecn,pudwst
¢

0+m

_ 4 cos(nm) (cos(nd) — 1)sin(ne)

(nm)2X sn,pu

Then the normalized load current can be expressed as:

(3.50)
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_ 4 cos(nm) (cos(nd) — 1)sin(n¢)
= n=12,.. (nn)zxsn,pu (3-51)

From the normalized load current equation, it can be seen that it is dependent of two variables.
The first one is the pulse width 8, and the second one is the phase shift ¢. These two variables are
used to adjust the normalized current to meet the required value. For example, as the load is
reduced, the normalized current also reduces; therefore, the angles 6 and ¢ are varied to obtain
the required value for J. There will be infinite number of solutions due to the fact that there are
two control variables for a given J. To limit the number of solutions, certain constraints have to
be imposed. The tank current i.s lags the primary voltage va, by an angle of . To ensure all
switches on the primary side of the converter operate in ZVS mode, the angle B has to be greater
than (m —3). On the other hand, the primary-side reflected secondary current i’ lags va, by 6. To
ensure all the switches on the secondary side of the converter operate in ZVS mode, the angle 6
has to be less than ¢. To further limit the solution to a single unique solution, the angles ¢ and ¢
that gives the lowest peak current are chosen. To find the angle B, the normalized tank current i
IS equated to zero at wst = B. This gives the following equation which has to be solved

numerically to find g:

2 i cos(nm) (cos(nd) — 1) cos(np) N 4 > sin? (nmt/2)cos(nf —np)
nn=1,2,... X snpu T n=1z,.. NXsnpu

0 (352

The above equation is solved using bi-sectional method. An initial guess value (5;) for the
angle f is obtained from the fundamental component of equation (3.47) and is given by

_ (cos(6) — 1) — 2Mcos(¢)
tan(h,) = 2Msin(¢)

(3.53)

The same technique can be applied to find 0. The primary-side reflected current i’ is

equated to zero at wst = 0:
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cos(nm) (cos(nd) — 1) cos(nh) N ﬂ > sin? (nmt/2)cos(nf —ne)

nXsn,pu T neiz nXeqn,pu

0  (3.54)

2
s
n=12,.

An initial guess value (0 1) for the angle 0 is obtained from the fundamental component of

equation (3.49) and is given by

(3.55)

1—coséd 2Mcos X
tan(6,) = ( - ¢> capu

Xsl,pu Xeql,pu 2MSiIl(¢))
The detail derivation to find the initial guess values 01 and B, are given in Appendix B. When
the converter is operating under very light load, switch s, on the primary side of the transformer

may not work in ZVS mode. As a result, the constraint § > (r — 8) should be removed during the

calculation. To find the constraints for charging mode, similar analysis can be applied as well.

3.4 Design Example

Design curves are obtained using the analysis presented in the last section, and a design
example is presented to illustrate the design procedure. The converter components will be chosen
based on the design curves. The specifications of the converter used for the illustrating the design
procedure are: input voltage V; = 64 V to 96 V, output voltage V, = 88 V to 104V, output power
Po =200 W and the switching frequency f; = 100 kHz.

The converter is designed based on the worst case scenario: minimum input voltage with
maximum load current with pulse width 6 = z. In Fig. 3.13, normalized output current is graphed
against the phase shift angle ¢ with variation in the normalized frequency F. From the graph, it
can be seen that larger F corresponds to smaller normalized output current. A normalized output
current that corresponds to a large phase shift angle ¢ is preferred, because a larger phase shift

will result in a greater operating range for ZVS.
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Figure 3.13 Normalized output current vs. phase shift between primary and secondary voltages
with variation in F, for & = =.

Next, the rms value of the resonant tank current I s ms With respect to the phase shift angle ¢ is
plotted in Fig 3.14. The converter gain is varied from 0.6 to 1. As the converter gain is becoming
closer to unity, the rms value of the tank current is getting smaller. As a result, converter gain
should be chosen close to unity in order to reduce the tank current. In both Fig. 3.15 and Fig.
3.16, the total kVA rating of tank circuit per KW of output power is plotted using equations (3.42)
to (3.49). In the first graph, the normalized frequency changes from 1.1 to 1.4. In the latter graph,
the ratio of L, to Ls is varied from 1 to 10. In the second graph, it can be seen that the KVA/KW
rating of the converter becomes lower when F becomes larger. Also, a higher ratio of L, to L

results in a lower KVA/KW rating of the converter.
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Figure 3.14 RMS value of tank current vs. phase shift between primary and secondary voltages
for various values of M, for & = n.
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Figure 3.15 kVA/KW rating of the tank circuit vs. converter gain with variation in F, for 6 = .
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Figure 3.16 kVA/KW rating of the tank circuit vs. converter gain with variation in Ly/Ls ratio, for
d=m.

The objective of the design procedure is to make appropriate selections of converter
components that will result in minimum peak current across the resonant tank circuit and
minimum kVA/KW rating of the converter. Also, selecting proper F reduces the peak current and
maintains lagging PF mode of operation. Based on Fig. 3.13 and Fig. 3.15, the normalized
frequency F is chosen to be 1.4. From Fig. 3.11, the converter gain is set to 0.965. The kVA/kW
rating of the converter should be kept low for better utilization of the resonant circuit, so Lp/Ls
ratio is selected to be 10. Finally, the normalized output current J is found to be 1.125 p.u. With
the converter specification and design values given above, the values of the circuit components
can be determined.

The output voltage reflected to the primary side is:

V) = MV pin = 61.8V
Therefore, the transformer ratio required to obtain 88V output voltage is:

1 ng=V):Vymin =1:1.4249
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The values of resonant tank component Ls, Cs and L, can be calculated with following

expressions:

L % _ MJVZF (3.51)

S w, 2mwP,
1 FP, (3.52)

C = =
S Zpw, 2mwMJVE

The calculated values for Ls = 49.52 uH and Cs = 100.25 nF. Since Ly/Ls = 10, L, = 495.2 pH.

The load resistance reflected to the primary side is:

VOZ

R, =
L 2
n; P,

=19.07 Q

To find the stress experienced by the converter during operation, the component ratings for
minimum input voltage and minimum output voltage are found as following:
Isrms = 4.52 A, I sp = 5.84A, Vs rms = 71.42V and Iy ms = 0.19 A
The other extreme condition is maximum input voltage with maximum output voltage. The
converter gain M with Vin max and Vo min is 0.76, and the normalized current J is found to be 0.63
p.u. which is at its minimum value. Component ratings for this condition are:
lsrms= 3.15 A, Iisp = 4.14 A, Vs ms = 49.42 V and Iy ms = 0.28 A
Since, the component ratings are lower than that when J = 1.125 p.u., the circuit component

ratings should be selected based on the minimum input voltage and minimum output voltage.

3.5 Simulation

Following the design parameter presented in last section, a converter is simulated using PSIM
for various input voltage and load condition. A four degree dead band is place between any two
switches that are on the same leg of the bridge in order to avoid short circuit. VVarious simulation

waveforms are shown for different input voltages and output voltages. The converter is
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controlled by varying the phase shift angle ¢ and pulse width & in order to maintain the output
voltage constant under different load conditions. The load level changes from full load to 25% of
full load. The converter will be tested at the design point where J is at its maximum value, and it
will be tested at the other extreme condition where J is at its minimum value.

Simulation waveforms at the design point are shown in Fig. 3.17 to Fig. 3.22. Under full load
condition (Fig. 3.17), pulse width ¢ is maintained at 180°, and the phase shift angle ¢ is set to
75°.The peak current and rms voltage of tank capacitor are 6.2 A and 80 V respectively. As the
load level decreases, both pulse width ¢ and phase shift angle ¢ are reduced. As a result, the tank
current i s no longer lags va, by an angle of more than (n - §). Consequently, the anti-parallel
diode of switch s, never conducts, and s, will turn on with voltage across it as shown in Fig. 3.21.

Next, Fig. 3.23 to Fig. 3.28 show the simulation waveforms for maximum input voltage with
maximum output voltage. Switch s, works in ZVS mode under full load condition, but it starts to
work in hard switching mode as the load level decreases. It can be seen that the soft switching
range of the converter is more limited as its operation moves away from the design point. Also,
the resonant tank current decreases as the converter’s operating point moves away from the
design point, or as the load level decreases; therefore, the effect of hard switching in s,will have
less impact on the overall performance of the converter.

The simulation waveforms for charging mode at design point with full load are shown in Fig.
3.29 and Fig. 3.30. All the switches operate in ZVS mode. The voltage on the secondary side of
the converter is now leading the voltage on the primary side of the converter which indicates the
phase shift angle ¢ is reserved. From the waveforms, it can be seen that the average output

current is negative during charging mode as opposed to positive average output current during
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discharging mode; therefore, net power is transferred from the secondary side to the primary side

of the converter.

100

-100

0.59972 0.599724 0.599728
Time (s)
Figure 3.17 Simulation waveforms for dual-bridge LCL-type series resonant converter in
discharging mode at full load with V;= 64V and V, = 88V. vy, is the primary voltage, i is the
tank current, v. is the resonant capacitor voltage, i, is the parallel inductor current, v¢q is the
secondary voltage, isc IS the secondary current, isy1 and isw, are the currents through primary-side
switches and vs,1 and v, are the switch voltages.
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Figure 3.18 Simulation waveforms for dual-bridge LCL-type series resonant converter in
discharging mode at full load with V; = 64V and V, = 88 V. isw3, isw3,iswa, Isws isws, lsw7 and isyg are
the currents through switches and Vsa, Vswa, Vsws, Vsws, Vswz @Nd Vsyg are the switch voltages.
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Figure 3.19 Simulation waveforms for dual-bridge LCL-type series resonant converter in
discharging mode at half load with V; = 64V and V, = 88V. vy, is the primary voltage, i.s is the
tank current, vc is the resonant capacitor voltage, i, is the parallel inductor current, v¢q is the
secondary voltage, isec is the secondary current, isw1 and isw are the currents through primary-side
switches and vs,1 and v, are the switch voltages.
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Figure 3.20 Simulation waveforms for dual-bridge LCL-type series resonant converter in
discharging mode at half load with V; = 64V and V, = 88 V. isw3, Isw3,lsw4, Isws Iswe, Isw7 and isyg are
the currents through switches and Vswa, Vswa, Vsws, Vsws, Vswz @Nd Vsyg are the switch voltages.
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Figure 3.21 Simulation waveforms for dual-bridge LCL-type series resonant converter in
discharging mode at 25% load with V; = 64 V and V, = 88 V. vy, is the primary voltage, i is the
tank current, v. is the resonant capacitor voltage, i, is the parallel inductor current, v¢q is the
secondary voltage, isec is the secondary current, isw1 and isw are the currents through primary-side
switches and vs,1 and v, are the switch voltages.
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Figure 3.22 Simulation waveforms for dual-bridge LCL-type series resonant converter in
discharging mode at 25% load with V; = 64V and V, = 88 V. isug, isw3,iswa, Isws Isws, Isw7 and isyg are
the currents through switches and Vswa, Vswa, Vsws, Vsws, Vswz @nd Vsyg are the switch voltages.
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Figure 3.23 Simulation waveforms for dual-bridge LCL-type series resonant converter in
discharging mode at full load with V; = 96V and V, = 104V. vy, is the primary voltage, i.s is the
tank current, v. is the resonant capacitor voltage, i, is the parallel inductor current, v¢q is the
secondary voltage, isc IS the secondary current, isy1 and isw, are the currents through primary-side
switches and vs,1 and v, are the switch voltages.
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Figure 3.24 Simulation waveforms for dual-bridge LCL-type series resonant converter in
discharging mode at full load with V; = 96V and V, = 104V. iss, iswa,iswa, Isws iswe, Isw7 and isyg are
the currents through switches and Vsys, Vswa, Vsws, Vsws, Vswz @Nd Vsyg are the switch voltages
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Figure 3.25 Simulation waveforms for dual-bridge LCL-type series resonant converter in
discharging mode at half load with V; = 96 V and V, = 104 V. vy, is the primary voltage, i s is the
tank current, vc is the resonant capacitor voltage, i, is the parallel inductor current, v¢q is the
secondary voltage, isec is the secondary current, isw1 and isw are the currents through primary-side
switches and vs,1 and v, are the switch voltages.
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Figure 3.26 Simulation waveforms for dual-bridge LCL-type series resonant converter in
discharging mode at half load with Vi = 96 V and V, = 104V. isa, isw3,lswa, Isws lswe, lsw7 and lsug
are the currents through switches and Vsya, Vswa, Vsws, Vsws, Vsw7 @Nd Vsyg are the switch voltages.
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Figure 3.27 Simulation waveforms for dual-bridge LCL-type series resonant converter in
discharging mode at 25% load with Vi = 96V and V, = 104V. vy, is the primary voltage, i is the
tank current, v is the resonant capacitor voltage, i p is the parallel inductor current, veq is the
secondary voltage, is is the secondary current, isy1 and isy2 are the currents through primary-side
switches and vs,1 and v, are the switch voltages.
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Figure 3.28 Simulation waveforms for dual-bridge LCL-type series resonant converter in

are the currents through switches and Vsya, Vswa, Vsws, Vsws, Vsw7 @and Vsyg are the switch voltages.
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Figure 3.29 Simulation waveforms for dual-bridge LCL-type series resonant converter in
charging mode at full load with V; = 64V and V, = 88V. vy, is the primary voltage, is is the tank
current, V¢ is the resonant capacitor voltage, i, is the parallel inductor current, veq is the
secondary voltage, is is the secondary current, is,1 and isy2 are the currents through primary-side
switches and vg,; and v, are the switch voltages.
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Figure 3.30 Simulation waveforms for dual-bridge LCL-type series resonant converter in
charging mode at full load with V; = 64V and V, = 88 V. iswa, Iswaiswa, Isws,iswe, isw7 and isyg are the
currents through switches and Vswa, Vswa, Vsws, Vswe, Vsw7 @Nd Vsyg are the switch voltages.
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3.6 Experimental Results

For the purpose of verifying the theoretical and simulation results, a 200 W dual-bridge LCL-
type series resonant converter is built with the same design parameters as given in the last section.
An EE-type ferrite core, TDK-PC40ETDA49-Z, is used for the HF transformer. The turns ratio of
the transformer is set to be 9:13, and the total leakage inductance L, referred to the primary side
of the transformer is measured to be 2.3 uH which is used as part of the series resonant
inductance. The magnetizing inductance Ly of the transformer refereed to the primary side is
measured to be 360 uH. Since Ly, is greater than the calculated value of L, a separated L; is not
required on the secondary side of the transformer. A 680 uF electrolytic capacitor in parallel
with a 10 pF high frequency capacitor are used as filter for the output voltage. IEF210 MOSFET
is selected to be used as switch, and a snubber capacitor is placed in parallel to each of the
switches. The capacitance of the snubber capacitor is calculated using I, sts/2Vg, Where los is
the turn off current through the switch and t; is the fall time of the MOSFET. The calculated
value is 1.98 nF. In the experiment, 2.2 nF capacitors are chosen, because their capacitance is
closest to the calculated capacitance. Four distinct gating signals with their complementary parts,
a total of eight signals, are generated by the eZdspTMS320 F2810 DSP board which is
programmed with ¢ language. To ensure there is no short-circuit along any leg of the full bridge
circuit, a 219 ns dead band is given to the signals. The output PWM signals from the DSP board
are sent to LTC1045CN voltage translator IC, so the voltage level of the signals can be increased
from 3.5V to 15V in order to drive the MOSFETS. Since the parallel inductor is not required for
the experiment, the experimental setup for the dual-bridge LCL-type series resonant converter is

the same as Fig. B.1.



136

The experimental waveforms at design point are shown in Fig. 3.31 to Fig. 3.33. Under full
load and half load level, the tank current lags the primary voltage by an angle  that is greater
than a. The angle a is defined as the difference between x and the pulse width 5. Consequently,
all the switches on the primary side operate in ZVS mode. When the load level is reduced to 25%
of full load, the angle B becomes less than a. This indicates that switch s; is gated without prior
conduction in its anti-parallel diode; therefore, s, operates in hard switching mode. Since s; is
turned on with its snubber capacitor fully charged, the energy is discharged through the internal
resistor of the MOSFET instead of the tank circuit. This observation is confirmed by the fact that
s, dissipates more heat during light load level than higher load levels. On the secondary side, it
can be seen that the secondary current lags the secondary voltage for all load levels. As a result,
all switches on the secondary side of the transformer operate in ZVS mode. Next, experimental
waveforms at maximum input voltage and maximum output voltage are shown in Fig. 3.34 to
Fig. 3.36. Under high load level, B is greater than a, and as the load is reduced, p becomes less
than a. Switch s, operates in ZVS mode for full load, then it starts to operate in hard switching
mode for half and 25% of the full load. The switches on the secondary side remain in ZVS under
all load levels.

In the experiment, the pulse width & and the phase shift ¢ between va, and v¢q are varied in
order to maintain the output voltage at a specified level under different load levels. As the pulse
width is decreased, the tank current loses its sinusoidal waveform, which introduces higher order
harmonics components. Harmonics increases the loss in transformer; therefore, a lower

efficiency is observed under light load.
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Figure 3.31 Experimental waveforms obtained for V; = 64 V andV, = 88 V with R = 38.7 Q. (a)
primary voltage vg, (100 V/div), resonant capacitor voltage v. (100V/div), tank current i s (10
A/div) (b)secondary voltage v¢q (100 V/div) and secondary current isec (5A/div)
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Figure 3.32 Experimental waveforms obtained for Vi = 64 V and V, = 88 V with R = 77.4Q. (a)
primary voltage va, (100 V/div), resonant capacitor voltage v, (100 V/div), tank current i.s (5
A/div) (b)secondary voltage vcq (100 V/div) and secondary current ise (2.5 A/div)
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Figure 3.33 Experimental waveforms obtained for V; = 64 V and V, = 88 V with R = 155.8 Q. (a)
primary voltage vq, (100 V/div), resonant capacitor voltage v. (100 V/div), tank current i s (2.5
A/div) (b)secondary voltage v¢q (100 V/div) and secondary current isec (1 A/div)
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Figure 3.34 Experimental waveforms obtained for V; = 96 V and V, = 104 V with R =54.1 Q. (a)
primary voltage va, (100 V/div), resonant capacitor voltage v, (100 V/div), tank current i s (5
A/div) (b)secondary voltage v¢q (100 V/div) and secondary current isec (2.5 A/div)
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Figure 3.35 Experimental waveforms obtained for V; = 96 V and V, = 104 V with R_ = 108.2 Q.
(a) primary voltage va, (100 V/div), resonant capacitor voltage v, (100 V/div), tank current i s (5

A/div) (b)secondary voltage vcq (100 V/div) and secondary current ise (2.5 A/div)
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Figure 3.36 Experimental waveforms obtained for V; = 96 V and V, = 104 V with R_ = 216.4 Q.
(a)primary voltage va, (100 V/div), resonant capacitor voltage v, (100 V/div), tank current i s (2.5

A/div) (b)secondary voltage vcq (100 V/div) and secondary current isec (1 A/div)
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From the waveforms shown, the simulation results match quite closely with experimental
results. The small discrepancies between the two results can be explained as follows. First, the
simulation did not consider the power loss in the tank circuit and snubber capacitors. In the
experiment, the values of the tank components cannot be made to be the exact same as the
theoretical values. Finally, simulation can produce perfect square waveforms. However, the
square waveforms produces through the full bridge have some oscillation when the waveform’s
polarity changes.

Tables 3.1 to 3.2 summarize the theoretical, simulation experimental results at different input
and output voltages with different load levels. The efficiency is highest at design point with half
load. The minimum efficiency is seemed at maximum input voltage and maximum output
voltage with 25% of the full load. In Comparison to results listed in chapter 2, there is an
improvement in number of switches in ZVS under full load. In chapter 2, Table 2.1 shows that
all switches working in ZVS at design point under full load, but Table 2.2 shows that switch s,
loses ZVS at the other extreme case under full load. Table 3.1 and Table 3.2 show that all
switches are working in ZVS at the design point and at the other extreme case under full load.

Table 3.1 Comparison of Theoretical, Simulation and Experimental Results for V; = 64V and V,
= 88 V in Discharging mode.

Load Method Phase Pulse | Ispeak | Isyms(A) | Vepeak | Verms(V) | # | Switches
Level Shift-¢ | Width | (A) V) (%) | inZVS
(degree) -0
(degree)
100% Theory 74.5 180 | 5.84 | 4.52 101 714 - 8
Simulation 82.0 180 | 6.63 | 5.09 115 79.9 198.0 8
Experimental | 81.0 180 | 7.00 | 5.25 118 834 |94.1 8
50% Theory 27.3 172 | 216 | 1.74 39.5 27.9 - 8
Simulation 27.0 174 | 226 | 1.84 43.2 28.8 |974 8
Experimental | 25.0 174 | 240 | 1.85 44.6 29.2 ]96.1 8
25% Theory 13.0 172 | 107 | 0.85 19.0 134 - 7
Simulation 14.0 170 | 1.09 | 0.89 21.2 13.7 |91.1 7
Experimental | 14.5 162 | 128 | 1.03 26.0 16.8 | 835 7
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Table 3.2 Comparison of Theoretical, Simulation and Experimental Results for V; = 96V and V,
= 104 V in Discharging mode.

Load Method Phase Pulse | Ispeak | Isyms(A) | Vepeak | Verms(V) | # | Switches
Level Shift-¢ | Width | (A) V) (%) | inZVS
(degree) -0
(degree)
100% Theory 32.8 161 | 413 | 3.15 70.9 49.4 - 8
Simulation 31.0 164 | 413 | 3.11 71.7 49.1 |96.1 8
Experimental |  33.0 162 4.4 3.13 74 505 [954 8
50% Theory 23.3 124 | 311 | 222 50.0 36.0 - 7
Simulation 21.0 123 | 287 | 1.72 40.4 25.7 | 917 7
Experimental | 22.0 124 3 1.81 42 27.3 |88.1 7
25% Theory 12.4 118 | 212 | 181 38.0 | 26.9 - 7
Simulation 10.0 124 | 189 | 1.07 22.3 13.2 | 89.6 7
Experimental | 13.5 114 2.3 1.26 26 17 76.6 7

3.7 Conclusion

In this chapter, a dual-bridge LCL-type series resonant converter with capacitive output filter
is proposed. The converter is controlled using the modified gating scheme, and its operating
principle is analyzed using Fourier series approach. Based on the analysis, design procedures and
design curves are presented. Following the procedures, a converter with 64 to 96 V input voltage
and 88 to 104 V output voltage is designed. Fourier series approach takes account of the higher
order harmonics; therefore, the analysis gives a more accurate presentation of the converter at
light load level than approximate analysis. The proposed converter is simulated using PSIM, and
a 200 W prototype is built for the purpose of verifying the simulation results. Although switch s,
still operates in hard switching mode at light load level, the switching loss should not have much
impact on the overall performance of the converter as the current across the switch is low. In
high power applications, a RC snubber should be used for switch s, to limit the current when the
capacitor is discharged through the MOSFET. To avoid power loss through the resistive snubber,

a ZVT circuit may be used to help switch s to achieve ZVS.
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Chapter 4

Capacitor Semi-active Hybrid Energy Storage System

4.1 Introduction

In Chapter 3, a dual-bridge LCL-type series resonant converter with modified gating scheme
was introduced, which is suitable for battery-supercapacitor hybrid energy storage system. In this
chapter, a battery-supercapacitor hybrid energy storage system utilizing the dual-bridge LCL-
type series resonant converter is proposed.

Currently, there has been a lot of effort diverted into the research of electric vehicles to
overcome the problem of CO, emission from conventional vehicles. The energy storage for
electric vehicles needs to have high power density and high energy density [5]. A battery has
high energy density, but it lacks the power density to supply the electric motor with high current
during peak load. On the other hand, supercapacitors have power density that is 10-100 times
greater than that of batteries, but they have lower energy density than batteries [47]. Therefore,
an energy storage system that combines both batteries and supercapacitors would give high
power density and high energy density. The hybridization of batteries and supercapacitors
provides following advantages:

1) Increasing batteries’ lifespan.

2) Decreasing the overall size of the energy storage system.

3) Enabling regenerative breaking through the supercapacitors.

To ensure dynamic exchange of energy between the electric motor and the energy storage
system, one or more DC converters can be employed. As explained in Chapter 1, there are three

popular topologies for battery-supercapacitors hybrid: passive, semi-active and fully active. The
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passive hybrid topology connects the battery, supercapacitor and the load without any DC-to-DC
converters. This topology is easy to realize, but at a cost of low efficiency. On the other hand, the
fully active hybrid topology attains higher efficiency using two DC-to-DC converters. However,
this topology requires complex power circuitries and control strategy. Finally, the semi-active
hybrid topology offers a compromise between complexity and efficiency. It employs a single
DC-to-DC converter, and the converter could be either placed between the battery and the load
or the supercapacitor and the load. For its balance between complexity and efficiency, and the
purpose of testing the bi-directional DC-to-DC converter, the capacitor semi-active hybrid is
selected. Section 4.2 explains the operating principle of the hybrid energy storage system.
Section 4.3 gives the detailed design procedure for the hybrid energy storage system. Simulation
and experimental results are shown in Section 4.4 and Section 4.5, respectively. Finally, Section

4.6 concludes this chapter.
4.2 Operating Principle

The hybrid energy storage system shown in Fig. 4.1 includes an energy source (batteries), a
power source (supercapacitor), an active load, and a bi-directional DC-to-DC resonant converter.
In the capacitor semi-active topology, the converter is placed in parallel to the supercapacitor
pack and the load. The detailed operating principle of the dual-bridge LCL-type series resonant
converter is explained in Chapter 3. To charge the supercapacitor, the voltage vq is made to lead
Vap. On the other hand, when the supercapacitor is supplying current to the load, the voltage vap is
made to lead vqq. Therefore, there are two modes in each charging - discharging period. The
operating waveform of the hybrid battery-supercapacitors energy storage system is shown in Fig.

4.2.



147

rbat ibat

ISC

Vhat ——T Vous Vi @

Yo P¢
%ﬂ: C:: VSC C.—
- DC
PWM
signals
< i’
< TMS320 P
Gate < F2810 | ADC
Drivers < DSP Vsc

Figure 4.1 Capacitor semi-active hybrid energy storage system with closed loop feedback control.

Mode 1 (tp <t < ty): In the first mode, the load is not operational, and the supercapacitor is
being charged by the battery. During this mode, the supercapacitor voltage is charged from
Veemin 10 Veemax. The primary side supercapacitor current isc decreases as the supercapacitor is
charged, because the power on the primary side has to equal to the secondary side of the
converter assuming 100% efficiency, €.g., Vscisec = Vbusi'see. The dc bus voltage Viys changes as
the battery voltage Vpq Varies during operation. As a result, the secondary side supercapacitor
current i’sc Varies in proportion to the dc bus voltage. Since only the battery is charging the

supercapacitor during the first mode, the battery current equals to the current into the secondary
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side of the converter, e.g., ipat = -1’sec. A current sensor is placed at the output of the converter,
and the current readings are fed back to the digital signal processor (DSP) through a analogue-to-
digital converter (ADC). A closed loop feedback controller is implemented in the DSP in order
to ensure the converter charging the supercapacitor at half load. A voltage sensor is used to
measure the supercapacitor voltage. This mode ends when the supercapacitor’s voltage reaches
Vsemax, @and the converter stops charging the supercapacitor and reverses the power flow to supply
load.

Mode 2: (i < t < t): In the second mode, the load current is being supplied by the
supercapacitor, and the battery current is zero. As the supercapacitor is discharged, its voltage
decreases; therefore, the primary side supercapacitor current isc increases. Only the
supercapacitor is supplying the load; therefore, the secondary side supercapacitor current equals
to the load current, e.g., iL = i’sec. Similar to the first mode, the closed loop feedback controller is
used to maintain the load current constant. During this mode, the converter is operating at full

load. This mode ends when the voltage sensor measures the supercapacitor voltage to be V¢ min.
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Figure 4.2 Operating waveform of the hybrid energy storage system. i is the load current, vy is
the supercapacitor voltage, is is the primary side supercapacitor current, ipy is the battery current
and i’ is the secondary side supercapacitor current.

4.3 Design of the Converter

The design procedures of the DC-to-DC bi-directional converter for a scaled down model of
the capacitor semi-active hybrid energy storage system is explained in this section using the
procedure given in Chapter-3. The system is rated for 200W. A dc power supply is used in the

place of the battery, and the dc bus voltage is set to 48 V. The maximum supercapacitor voltage



150

is 48V and the minimum supercapacitor voltage is 32 V. Therefore, the specifications of the
converter are: input (supercapacitor) voltage V; = 32 V to 48 V, output (battery) voltage V, = 48
V, output power P, = 200 W and the switching frequency fs = 100 kHz.

A dual-bridge LCL-type series resonant converter presented in Chapter-3 is used for this
energy system. The design of the converter is based on the design curves given in Section 3.4.
The normalized frequency F is chosen to be 1.4, and the converter gain is selected as 0.965. The
kVA/KW rating of the converter should be kept low for better utilization of the resonant circuit,
so Lp/Ls ratio is selected to be 10. Finally, the normalized output current J is found to be 0.995
p.u. With the converter specification and design values given above, the values of the circuit
components can be determined.

The output voltage reflected to the primary side is:

V) = MV pin = 0.965 x 32 = 30.88V

Therefore, the transformer ratio required to obtain 48 V output voltage is:

1: n,=V:V,=3088:48=1:1.554

The values of resonant tank component L, Cs and L, can be calculated using (3.51) and (3.52),

and the calculated values for Ls = 10.95 uH and Cs = 453.5 nF. Since Ly/Ls = 10, L, = 109.5pH.

The load resistance reflected to the primary side is:

2
R} = ZOP =477 Q

To find the stress experienced by the converter during operation, the component ratings for
minimum input voltage and minimum output voltage are found as following:

ILs’rmS: 812 A, ILsp = 1054A, VCsyrmS = 3862V and ILp’rms = 07 A
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4.4 Simulation Results

A schematic of the hybrid energy storage system (Fig. 4.3) is constructed in PSIM and
simulated in order to verify the theoretical calculations. The specifications and design of the
converter are given in the last section. A supercapacitor is placed on the primary side of the
converter. The capacitance of the supercapacitor is set to be very low (0.02 F), because it reduces
the simulation time significantly. The initial supercapacitor voltage is 48 V. The secondary side
of the converter is connected to the battery and the load. A MOSFET is placed in series with the
load, so the load can be switched on and off. When the load is switched on, the supercapacitor
will be responsible for supplying the load current. When the load is switched off, the battery will
charge the supercapacitor.

To control the power flow in the hybrid energy storage system, one current sensor, one
voltage sensor, a Pl controller and a C code block are employed. The current sensor measures the
current on the secondary side of the converter, and the measured value is fed back to a Pl
controller. The voltage sensor measures the supercapacitor’s voltage. The output of the PI
controller and the voltage sensor are connected to the inputs of the C code block. The C code
block will generate the gating signals for all the switches. Tuning of the PI controller is
accomplished by trial and error. The final values of the proportional gain K, and integral gain K;
are 0.01 and 0.0001, respectively. The simulation output waveforms are shown in Fig. 4.4 to Fig.
4.6.

Fig. 4.4 shows the supercapacitor voltage and the secondary side supercapacitor current. The
supercapacitor discharges when its voltage reaches 48 V, and it is charged by the battery when
its voltage drops below 32 V. It should be noted that the charging current is twice the discharging

current; therefore, the length of charging mode is twice the length of discharging mode. As
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mentioned earlier, an active load is used. As a result, the load voltage and load current shown in
Figure 4.5 Fig. 4.5 are shaped in pulsed waves. Finally, the dc bus voltage and the battery current
are shown in Figure 4.6 Fig. 4.6. The battery current is zero during the discharging mode. During
charging mode, the battery delivers 2 A to the supercapacitor. The dc bus voltage is maintained

at 48 V throughout the operation.

Figure 4.3 PSIM simulation schematic of the capacitor semi-active hybrid energy storage system.
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Figure 4.4 Simulation waveforms for supercapacitor voltage and secondary side supercapacitor
current.
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Figure 4.5 Simulation waveforms for load voltage.
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Figure 4.6 Simulation waveforms for dc bus voltage and battery current.

4.5 Experimental Results

A 200 W prototype circuit of the hybrid energy storage system is built in order to verify the

theoretical and simulation results. First, the dual-bridge LCL-type series resonant converter is
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built with specifications listed in section 4.3. An EE-type ferrite core, TDK-PC40ETD49-Z, is
used for the HF transformer, and the turns ratio of the transformer is set to be 9:14. The total
leakage inductance L, referred to the primary side of the transformer is measured to be 3.8 uH
which is used as part of the series resonant inductance. The magnetizing inductance L, of the
transformer refereed to the primary side is measured to be 363 puH. With the leakage and
magnetizing inductances known, the parallel inductance can be calculated using (3.3). A parallel
inductor, whose inductance is measured to be 146 uH, is placed on the primary side of the
transformer. For the resonant tank circuit, a 7.1 uH inductor and a 456 nF capacitors are
connected in series.

Maxwell BCAP 0150 supercapacitors are used. The supercapacitor has a maximum voltage
and minimum voltage of 48 V and 32 V, respectively. Since each cell is rated for 2.7 V, twenty-
one of them are connected in series to make a single supercapacitor pack.

A Hall Effect sensor is used to measure the secondary side supercapacitor current. The output
of the Hall Effect sensor is connected to an OP2132 op amp IC. The purpose of the op amp is to
step down the voltage from the Hall Effect sensor to within 3.3 V before connecting to the ADC.
The measured voltage of the supercapacitor is also connected to an OPA2132 op amp before
connecting to the ADC. The ADC is a built-in part of the eZdspTMS320F2810 DSP board.
Using the measured voltage and current, a closed loop feedback PI controller is programmed into
the DSP. The experimental setup is shown in Appendix D. The proportional gain K, and integral
gain K; are the same as the ones obtained through simulation. Based on the closed loop feedback
controller, all nine gating signals for the system are generated by the DSP. Eight of the gating

signals are for the converter’s MOSFETS, and one is for the switch that turns the load on and off.



155

The experimental waveforms are shown in Fig. 4.7 to Fig. 4.10, and they match closely to the
simulation waveforms.

Fig. 4.8 shows the supercapacitor voltage and the primary side supercapacitor current. During
charging mode, the amount of current flows into the supercapacitor decreases as its voltage
increases linearly. Once supercapacitor voltage reaches 48 V, the energy stored in the
supercapacitor is discharged through the converter to the load. During the discharging mode, the
amount of current flows out of the supercapacitor increases as its voltage drops. Fig. 4.7 shows
the secondary side supercapacitor current. During the charging mode, 2 A of current is drawn by
the converter. During discharging mode 4 A of current is supplied to the load. Since the
discharging current is twice the charging current, the charging mode is twice the discharging
mode. Active load is employed to test the energy storage system, and the pulsed load voltage and
current are shown in Fig. 4.9. The dc bus voltage and the battery current are shown in Fig. 4.10.
Because the dc supply is not properly regulated, dc bus voltage is not maintained constant. The
battery current is nonzero during the charging mode. Because of the closed loop feedback control,
the value of the PWM register is updated after each period. As a result, the fluctuations shown in
some of the experimental waveforms are caused by the reloading of the PWM register in the
DSP.

The ZVS operation of the dual-bridge LCL-type series resonant converter is shown Fig. 4.11
to Fig. 4.14. It is clear that the resonant tank current i s lags behind the primary side converter
output voltage vap, and the secondary current is. lags behind the secondary side converter input

voltage v¢q for both charging and discharging mode. Therefore, all the switches operate in ZVS.
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Figure 4.7 Supercapacitor voltage vs. (20V/div) and primary side supercapacitor current ig
(5A/div).
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Figure 4.8 Supercapacitor voltage vs. (20V/div) and secondary side supercapacitor current i’s
(5A/div).
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Figure 4.10 Voltage across the dc bus vy,s (20V/div) and battery current ipa (2A/div).
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Figure 4.11 ZVS operation of the converter during charging mode. Voltage across the output of
the primary side converter vy, (40V/div) and resonant tank current i s (5A/div).
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Figure 4.12 ZVS operation of the converter during charging mode. Voltage across the input of
the secondary side converter vqq (20 V/div) and secondary current isec (5A/div).
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Figure 4.13 ZVS operation of the converter during discharging mode. Voltage across the output
of the primary side converter v,, (40V/div) and resonant tank current i_s (5A/div).
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Figure 4.14 ZVS operation of the converter during discharging mode. Voltage across the input of
the secondary side converter veq (20 V/div) and secondary current isec (5A/div).
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4.6 Conclusion

In this chapter, a capacitor semi-active hybrid energy storage system is presented in this
chapter. The hybridization of supercapacitor with battery provides a high power and higher
energy density energy storage system for the electrical vehicles. The dual-bridge LCL-type series
resonant converter introduced in chapter 3 is utilized in the capacitor semi-active hybrid energy
storage system. The bi-directional DC-to-DC converter is placed in parallel to the supercapacitor.
The component values and ratings of the converter are selected based on the design procedures
provided in chapter 3. During the charging mode, the converter operates under half load
condition. During the discharging mode, the converter operates under full load condition. A
closed loop feedback control is employed to ensure the charging and discharging current to be
within an acceptable range. A 200W prototype system is built to verify the simulation result. In
the experiment, the average current delivered to the supercapacitor is 2 A, and the average
current discharged by the supercapacitor is 4 A. This extends the battery life, because less
current is drawn from the battery. The power rating for electric vehicles ranges 30 kW to 60 kW.
A single converter with such high power rating may not be feasible. One of the solutions is to
connect multiple dual-bridge LCL-type series resonant converters in parallel. Multi-cell

operation reduces the converter’s component ratings significantly.
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Chapter 5

Conclusions

This chapter summarizes the main contribution of the thesis and suggest future work to be
done. Section 5.1 summarizes the contribution made by this thesis. The summary of this thesis is

presented in Section 5.2. Suggestions for future work are given in Section 5.3.
5.1 Summary of Main Contributions

Two soft-switched bi-directional DC-to-DC converters are proposed for the application of
hybrid energy storage system and used in a capacitor semi-active hybrid energy storage system.
The main contributions of the thesis are as follows:

e A dual-bridge series resonant converter with modified gating scheme is proposed for the
semi-active hybrid energy storage system. The modified gating scheme is applied to the
primary side of the converter. This modified gating scheme increases the number of
switches working in ZVS. Approximate analysis approach is used to give theoretical
results and design curves. PSIM simulation and experimental results are provided to verify
the theoretical results.

e A dual-bridge LCL-type series resonant converter is proposed and used for the application
of energy storage system. The dual-bridge LCL-type series resonant converter has a greater
soft switching range than the dual-bridge series resonant converter. Fourier analysis
approach is employed to give theoretical results and design curves. PSIM simulation and
experimental results are provided to verify the theoretical results.

e A capacitor semi-active hybrid energy storage system is built to test the dual-bridge LCL-

type series resonant converter. The energy storage system is controlled using a current loop
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and a voltage loop. PSIM simulation and experimental results are given to verify the
proper operation of the hybrid energy storage system.

e A DSP is used for control generate the gating signals for the MOSFETs. A software
implementation of closed-loop feedback PID controller is programmed into the DSP. The

controller ensures the output current remains at a certain level.

5.2 Summary of the Thesis

Chapter 1 states the need for a clean energy source for vehicles in the near future, and
electrical energy is thought to be a feasible alternative. Different types of battery-supercapacitor
hybrid energy storage systems are studied. At the end, capacitor semi-active hybrid energy
storage system provides the best trade-off between performance and cost. Next, different types of
DC-to-DC bi-directional converters for hybrid energy storage system application are reviewed.
The converter is to be placed in parallel to the supercapacitor, and it has to be able to operate for
wide range of input voltage and load current. Soft switching technique should also be applied to
the converter in order to reduce switching losses. Based on the criteria listed above, a dual-bridge
resonant converter with HF transformer isolation is found to be the most suitable for hybrid
energy storage system application.

Chapter 2 presents a dual-bridge series resonant converter with capacitive output filter. This
converter has two full bridges that are connected through a series LC resonant tank and a HF
transformer. The switches on the primary side of the converter are controlled using the modified
gating scheme. The switches on the secondary side of the converter operate with 50% duty cycle.
There is a phase shift between the two bridges that directs the power flow from one side of the
bridge to the other. The converter operates in four modes with several intervals of operation.

Based on the operating waveforms for these four modes and equivalent circuits drawn for
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various intervals of operation, converter operation is explained in detail. Approximate analysis
approach is used to plot the design curves, and a 200 W converter is designed based the design
curves. Once the converter’s component values have been determined, the converter is simulated
using PSIM to verify the theoretical values. A prototype converter is built using the same design
parameters, and experimental results confirm the theory. The modified gating scheme increases
the number of switches working in ZVS from four to eight under optimal conditions. Even under
the worst case condition, seven of the eight switches can still operate under ZVS.

In Chapter 3, a dual-bridge LCL-type series resonant converter with capacitive filter is
proposed. A full bridge is placed on each side of the HF transformer, and a series resonant tank is
placed on the primary side of the transformer. The symmetry of the converter allows power to
flow in both directions. There is an additional parallel inductor L; placed on the secondary side of
the transformer. The switches on the primary side of the converter are controlled using the
modified gating scheme, and the switches on the secondary side of the transformer are gated with
50% duty cycle. This converter also operates in four modes and detailed operations in these
modes are explained using equivalent circuits for various intervals of operation in each mode.
The design curves of the converter are obtained through Fourier series analysis approach. PSIM
simulations and experiments are carried out to verify the theoretical results. Comparing to the
series resonant converter proposed in Chapter 2, LCL-type series resonant converter shows
further improvement in the soft switching range.

In Chapter 4, a capacitor semi-active hybrid energy storage system is built to test the
converter presented in chapter 3. The converter is placed in parallel to the supercapacitor.

Operating principle of the hybrid energy storage system is explained in details. The component
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values and ratings of the converter are selected based on the design procedures provided in

chapter 3. Simulation and experimental works are done to verify the theory.
5.3 Suggestions for Future Work

The suggestions for future work are summarized as follows:

1. Since two control schemes - modified gating scheme and phase shift gating scheme-are
applied to the dual-bridge resonant converter, there are more than one possible solution for
a given input and output voltage. A better optimization technique should be applied to
obtain the best possible solution.

2. The tuning of the PI controller is done through trial and error. In the future, a state space
representation of the dual-bridge resonant converter should be obtained in order to better
adjust the PI controller.

3. For high power applications, a single converter is not feasible due to the limitation of
component ratings. Multi-cell operation of bi-directional converter forms a good topic for
future research.

4. Fully active battery-supercapacitor hybrid energy storage system has to be studied using
bi-directional converters. They have to be built and tested, and then compare to the semi-

active topology.
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Appendix A

Derivation of Converter Gain in Chapter 2

This part is to show the steps in deriving the equation for the converter gain in Chapter 2. From
Fig, the converter gain is the magnitude of the voltage across the output ac impedance over the
magnitude of the voltage across the output of the primary side bridge, and the expression is given
by:

Zae (A1)

Zac +_]XS

VC D

VAB

M =

On the left hand side, the phasor domain voltages V,5 and V., can be re-written in complex

numbers:

Vep 4V /N2 [cos(—8) + j sin(—6)]
Vap V2V;/m (1 — cos 6)

_ 2M[cos(—0) + j sin(—0)] (A.2)
N 1—cosé |

Following ac circuit analysis, the impedance on the right hand side can be expressed as:

Zoe 8R] cos? 8 /m? + j 8R] cos 0 sin O /m?
Zac +jXs  8R; cos?6/m? + j(8R, cos O sinf/m2 + R,Q(F — 1/F))

3 8cos? 6 + j8cosfsinh
 8cos20 +j(8 cos@sinf + m2Q(F — 1/F))

_ 8 +j8tanf
8 +j(8tan0 + sec?2 0 m2Q(F — 1/F))

8(1+jtan#b)
8(1+j(tan6 + 1/8sec? 9 w2Q(F — 1/F))) (A.3)
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Taking the magnitude of (A.2) and (A.3) gives the following equations:

Vep|  2M[cos®(=6) + j sin?(—6)]
Vis| 1—cosé
S A4
"~ 1—cosé (A4)
ZaC
Zac +JXs
8/ (1 + tan?9)

B 64 + 64tan2 @ + 16 tan @ sec? @ m2Q(F — 1/F) + sec* § m*Q2(F — 1/F)?2

_ 8secH
J64sec?0 + 16tan@sec? § m2Q(F — 1/F) + sec* @ w*Q2(F — 1/F)? (A.5)

8
/64 + 16tan 6 n2Q(F — 1/F) + sec2 0 w*Q2(F — 1/F)?

Finally, equating (A.4) to (A.5) gives the final expression for the converter gain:

2M 8
1—cosd /64 + 16tan O n2Q(F — 1/F) + sec? 0 m*Q2(F — 1/F)?

B 4(1 — cos9)
V64 +16tan @ 2Q(F — 1/F) + sec?  m*Q2(F — 1/F)?
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Appendix B

Dual-bridge Series Resonant Converter of Chapter 2

Figure B.1 Experimental setup of dual-bridge series resonant converter.
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Appendix C

Derivation of Initial Guess Values in Chapter 3

The derivation of the initial guess values for angles g and @ are given here. To find the initial
guess value for g, only the fundamental component of (3.52) is used by setting n = 1, and the
equation is re-written to express f explicitly:

4Mcos(By —¢p) 2(1—cosb)cosp; 0
T Xsl,pu T Xsl,pu

2Mcos(B; — ¢) = —(1 — cos 6) cos 3,
2M cos B4 cos ¢ + 2Msin ; sin¢p = —(1 — cos §) cos f3;
(2M cos ¢ + (1 — cos §)) cos f; = —2M sin B; sin

(cosé6 —1) — 2M cos ¢ (B.1)
tanfy = 2M sin ¢

To find the initial guess value for 6, the same procedure is applied to (3.54):

2 (cosd — 1) cosb, N 4M cos(0, — ¢)

0
T Xsl,pu T Xe

ql,pu

2Mcos 6; cos ¢ + 2Msin 6, singp  —(cos§ — 1) cos 6,

Xeql,pu Xsl,pu
( cos6—1 2Mcos d)) 2M sin 6, sin ¢
- — cos O, =
Xsl,pu Xeql,pu Xeql,pu
can 0 (1 —cos§ 2Mcos ¢>> Xeqipu (B.2)
anf@, = — -
1 Xs1pu Xeqipu ) 2Msin¢
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Signal Conditioning Circuit of Chapter 4
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The signal conditioning circuit that is placed in between the ADC of the DSP and the current

sensor is shown in Fig. D.1.

+Vin

8 kQ

1

VA

OPA2123

Out A
2

-In A
3

+In A

-15V 4

V-
100 nF

Figure D.1 Op-amp circuit connection for the ADC.
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Appendix E

Capacitor Semi-active Hybrid Energy Storage System of Chapter 4

—r
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Figure E.1 Experimental Setup of Capacitor Semi-active Hybrid Energy Storage System.
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